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Parasites and the extended phenotype  
The word ‘parasite’ is originally derived from the Greek term “parasitos”, which was used to 
describe persons tasting food at the tables of noble families in order to check whether the food 
was poisoned or safe (Etymonline.com, 2017). Therefore, these “parasitos” were nourished 
without working and lived at the expenses of others. Later the use of this term was changed to 
describe organisms that live on the expense of others, and as such obtain their food from other 
animals or plants that are commonly called the host of the parasite (Long and Staskawicz, 1993; 
Mehlhorn, 2015). During billions of years of evolution, parasites and hosts have developed 
complex mutual relationships and it is known that parasites affect many aspects of their hosts, 
including metabolism, physiology, development, morphology, and behaviour (Tully and Nolan, 
2002; van Houte et al., 2013). As compulsory intracellular parasites, viruses are also known to 
affect many aspects of their hosts (Mehlhorn, 2015; Poulin, 2000; van Houte et al., 2013).  
In the famous book “The Selfish Gene” published in 1976, Richard Dawkins presented his 
“gene-centred view of evolution” theory. According to his theory, the basic unit of evolution is 
the individual gene instead of the individual organism or groups of similar organisms. Therefore, 
a gene is expected to maximize the number of copies of its own and to pass them on to the next 
generation (Dawkins, 1976). In the book “The Extended Phenotype” published in 1982, Richard 
Dawkins further expanded his evolutionary theory and introduced the concept “the extended 
phenotype”. He proposed that the phenotype should not be limited to biological processes (such 
as protein synthesis, tissue growth), but should also include all the effects that a gene has on its 
environment. There are three forms of extended phenotypes: the first is the ability of animals 
to modify their environment using architectural constructions, such as dam-making behaviour 
of beavers. The second form is the ability to manipulate other organisms, also referred to as 
“parasitic manipulation”. In this form, the observed host phenotype is a consequence of the 
expression of the parasite’s genes. Famous examples include the suicidal behaviour of crickets 
infested by hairworms (Thomas et al., 2002) and the zombie behaviour of carpenter ants 
infected by fungi (Hughes et al., 2011). In this thesis, I will look into the behavioural and 
physiological phenotypes of caterpillars infected by baculoviruses (as further detailed below) 
and I will study how the expression of viral genes is affecting the observed host phenotypic 
behaviour. The third form of an extended phenotype includes the action at a distance of a 
parasite on its host, such as the behavioural manipulation by egg-laying female cuckoos, 
impelling other birds to feed the cuckoo chicks (Dawkins, 1982).    
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Baculoviruses 
The family Baculoviridae is a group of arthropod-specific viruses with double stranded, circular 
genomes ranging from 80 to 180 kbp (van Oers and Vlak, 2007). Baculoviruses have been 
reported to infect more than 700 insect species belonging to the orders Lepidoptera, Diptera 
and Hymenoptera (Slack and Arif, 2007). Baculovirus genomes contain roughly 90 to 180 open 
reading frames (ORFs) (van Oers and Vlak, 2007). Two different types of virions, which are 
morphologically different but genetically identical, are produced during infection. Budded 
viruses (BVs) are responsible for systemic infection within the host and occlusion derived 
viruses (ODVs) are responsible for primary infection of the host’s epithelial midgut cells. BVs 
consist of a single, enveloped nucleocapsid and obtain their envelope from the plasma 
membrane of infected cells. In contrast, ODVs may contain single or multiple nucleocapsids 
within a single envelope and ODVs obtain their envelope from the inner nuclear membrane of 
the infected cells. ODVs are embedded in a paracrystalline proteinaceous matrix, forming an 
occlusion body (OB). OBs are extremely stable and protect virions from harsh conditions (Slack 
and Arif, 2007). Based on the morphology of OBs, baculoviruses are named 
nucleopolyhedroviruses (NPVs) or granuloviruses (GVs) (Rohrmann, 2013b). NPVs and GVs 
differ in the protein that forms the paracrystalline matrix: polyhedrin for NPVs and granulin for 
GVs. According to the number of nucleocapsids within each ODV, NPVs can be further divided 
into multiple nucleopolyhedroviruses (MNPV) and single nucleopolyhedroviruses (SNPV). 
Taxonomically, baculoviruses are divided into four genera: Alphabaculovirus (lepidopteran-
specific NPVs), Betabaculovirus (lepidopteran-specific GVs), Gammabaculovirus (hymenop 
teran-specific NPVs) and Deltabaculovirus (dipteran-specific NPVs) (Jehle et al., 2006). Based 
on phylogenetic analyses, the Alphabaculovirus genus is further divided into Group I and Group 
II NPVs (Zanotto et al., 1993). Group I NPVs use the GP64 protein as BV envelope fusion 
protein, whereas Group II NPVs and beta- and deltabaculoviruses use the F protein as the BV 
envelope fusion protein (Rohrmann, 2013b; Slack and Arif, 2007). Gammabaculoviruses do 
not have the BV phenotype and as a consequence are limited to the gut (Lucarotti et al., 2012). 
The baculovirus infection cycle starts with ingestion of virus-contaminated food by insect hosts. 
OBs migrate together with food into the insect’s midgut (Figure 1, Step A). Under the alkaline 
conditions (pH 9-11) in the insect midgut, the OBs dissolve thereby releasing the occluded 
ODVs (Figure 1, Step A). Subsequently, ODVs travel through the peritrophic membrane, a 
network of proteins and chitin that protects the midgut epithelium (Hegedus et al., 2009). ODVs 
then bind and fuse with the microvilli of the midgut epithelium cells (more in particular the 
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columnar cells) and start the first round of infection (Figure 1, step B) (Rohrmann, 2013a). 
After the first round of virus replication in the nucleus of the infected midgut cells BVs are 
produced (Figure 1, step B and C). These BVs then infect adjacent tissues or are transported to 
other tissues via the hemolymph and trachea, causing a systemic infection (Figure 1, step B and 
C) (Rohrmann, 2013a). Consequently, more BVs are produced from newly infected cells. In 
the late stage of infection, ODVs are produced in the nucleus of infected cells and packed into 
OBs (Figure 1, step C). After the insect has succumbed to the infection, viral enzymes such as 
chitinase and cathepsin (Rohrmann, 2013a) liquefy the cadaver, releasing OBs into the 
environment (Figure 1, Step D). OBs are produced in large numbers, and virus yields up to 108 
OBs per caterpillar have been reported for alphabaculoviruses (Rohrmann, 2013a).   
 
 
Figure 1. Baculovirus infection cycle (Rohrmann, 2013a) (see main text for explanation; figure used 
with permission from George Rohrmann). 
Since several decades, baculoviruses have been used as biocontrol agents to control forest and 
agricultural pests, due to their efficacy, high specificity and safety for non-target organisms 
(Lacey et al., 2015; Moscardi, 1999). For example, Helicoverpa armigera nucleo 
polyhedrovirus (HearNPV) has been widely used in China to control the cotton bollworm  
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H. armigera (Sun et al., 2006). Moreover, baculoviruses are widely used as vectors to produce 
recombinant proteins in insect cells, e.g. to produce subunit vaccines or virus-like particles [for 
recent reviews see Felberbaum (2015) and Liu et al. (2013)]. Recombinant baculoviruses are 
also being used to produce Adeno-associated virus (AAV) to be used as gene therapy vectors 
(Clément and Grieger, 2016; Urabe et al., 2002). Though baculoviruses cannot replicate in 
mammalian cells, they can enter the nucleus of many different mammalian cell types. Therefore, 
baculoviruses are also being used as vectors for gene delivery into mammalian cells (Condreay 
and Kost, 2007).          
In the research presented in this thesis, viruses belonging to two different baculovirus species 
are used: Autographa californica multiple nucleopolyhedrovirus (AcMNPV) and Spodoptera 
exigua multiple nucleopolyhedrovirus (SeMNPV), both belonging to the genus 
Alphabaculovirus. AcMNPV is a generalist baculovirus that can infect more than 95 insect 
species from at least 15 families in the order Lepidoptera (Cory, 2003). On the contrary, 
SeMNPV is a specialist virus that only infects Spodoptera exigua (monospecific). SeMNPV 
can kill its host in a very short time with a low infective dosage [the 50% lethal time (LT50; the 
time point at which 50% of a population dies for a given viral dose) is 3 to 3.5 days post 
infection in third instars infected with a 90-95% lethal concentration]. SeMNPV is widely used 
as a bio-pesticide to control S. exigua in the field and in greenhouses (Cai et al., 2010).  
 
The insect host - Spodoptera exigua  
Spodoptera exigua is used as host species in the experiments described throughout this thesis. 
Spodoptera exigua (Hübner) belongs to the family Noctuidea, order Lepidoptera. It is 
commonly known under the names beet armyworm, the small mottled willow moth, and the 
asparagus fern caterpillar. While S. exigua originates from Asia, it is now spread over tropical 
and subtropical areas throughout the world (Bianchi et al., 2000). This species does not tolerate 
cold winters, explaining the restriction to tropical and subtropical regions. However, it widely 
occurs in greenhouses all over the world. The insect was accidently introduced into the 
Netherlands in 1976 from Florida, USA (Smits and Vlak, 1988). Spodoptera exigua caterpillars 
are polyphagous and are a serious pest for ornamental and vegetable crops. The caterpillars feed 
on a variety of cultivated plants including cotton, tomato, celery, lettuce, cabbage and 
ornamental crops like chrysanthemum and gerbera (Cai et al., 2010), causing severe production 
losses each year. Spodoptera exigua caterpillars present army-like behaviour (hence, the name 
beet army worm): they will stay in one field patch until all the food supplies are consumed. 
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After depletion of food, all the caterpillars move together like an army to seek for a new food 
source.  
Under laboratory conditions, the generation time of S. exigua is ca. 20 days at 27°C (Elvira et 
al., 2010; Golikhajeh et al., 2017). Individuals go through five larval stages (named L1 to L5), 
a pupal stage and an adult stage. Adult female moths normally lay a cluster of 50-150 eggs on 
the back side of leaves in the field. At 27°C eggs hatch after 2-3 days and the developmental 
time for each of the larval stages is 2, 1.5, 1.5, 2, and 3-4 days, respectively (Azidah and Sofian-
Azirun, 2006). First and second instars feed gregariously, while third, fourth and fifth instars 
feed solitarily (Azidah and Sofian-Azirun, 2006). Pupation happens in the soil. The actually 
developmental time of S. exigua in the field depends on many factors, including temperature, 
population density, food source and food abundance (Mehrkhou et al., 2012).  
 
Baculovirus-induced behavioural changes 
Baculoviruses affect their host in multiple ways, inducing behavioural manipulation and 
modulating host immune system (Clem, 2001, 2005; Kamita et al., 2005; Katsuma et al., 2012; 
van Houte et al., 2012). These changes potentially enhance virus transmission. The earliest 
known description of baculovirus-induced alteration of host behaviour dates back to 1891, 
when Hofmann described how diseased larvae of the nun moth Lymantria monacha climbed 
up and died in tree canopies (Hofmann, 1891). Later, this pre-death climbing behaviour was 
named “Wipfelkranheit” or “tree-top disease”. It was only until several decades later that 
scientists found out that these larvae had died due to a baculovirus infection. Apart from tree-
top disease, baculoviruses also induce hyperactivity [also known as hypermobility or enhanced 
locomotor activity (ELA)] in their caterpillar hosts: infected caterpillars were found to move 
over larger distances than healthy individuals (Kamita et al., 2005; Katsuma et al., 2012; van 
Houte et al., 2012). Previous studies on baculovirus-induced behavioural changes led to the 
identification of two viral genes, which are involved in the observed behavioural manipulations. 
The ptp gene from the baculoviruses AcMNPV and Bombyx mori (Bm) NPV was reported to 
be involved in inducing hyperactivity in S. exigua and B. mori larvae, respectively (Kamita et 
al., 2005; Katsuma et al., 2012; van Houte et al., 2012). The egt gene from the baculovirus 
Lymantria dispar (Ld) MNPV was found to be responsible for tree-top disease in L. dispar 
larvae (Hoover et al., 2011), although a general role for egt in inducing tree-top disease is 
disputed (Ros et al., 2015). A detailed review of virus-induced changes in insect host behaviour, 
including baculovirus-induced behavioural changes in caterpillars, is presented in Chapter 2. 
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Modulation of the host immune system by baculoviruses 
Parasites often enhance their survival rate and transmission efficiency by modulating the host 
immune system (Gandon et al., 2009; Maizels and McSorley, 2016; Suderman et al., 2008). 
Some parasites actively induce apoptosis in specific host cell types to suppress the host immune 
system. Apoptosis is a process of programmed cell death that occurs in multicellular organisms 
and plays a crucial role in development and in removing damaged cells from the body. Features 
of apoptotic cells include cell shrinkage, DNA fragmentation, chromatin condensation, 
membrane blebbing and formation of apoptotic bodies (Elmore, 2007). There are two main 
pathways that can trigger apoptosis: the extrinsic or death receptor pathway and the intrinsic or 
mitochondrial pathway (Igney and Krammer, 2002). Caspases are the main molecules that 
induce apoptosis. They function as proteases that cut specifically at an aspartic acid residue of 
a target protein (Elmore, 2007). Both the extrinsic pathway and the intrinsic pathway lead to 
the same execution pathway that starts with the activation of caspase-3 (the main effector 
caspase). Caspase-3 activates an endonuclease that degrades nuclear chromosomal DNA and 
causes chromatin condensation. Besides, caspase-3 induces cytoskeletal changes and cell lysis 
(Elmore, 2007). All these changes eventually lead to the formation of apoptotic bodies.  
It is generally well appreciated that host-induced apoptosis is a common strategy of the host to 
eliminate virus-infected cells (Clem, 2005). By inducing apoptosis virus replication is 
terminated, thus reducing progeny virus production (Clem, 2005). In contrast, some viruses 
induce apoptosis in certain host cells to suppress the host immune system and/or enhance virus 
dissemination (Chitnis et al., 2011; Ni et al., 2017; Suderman et al., 2008). For example, the 
polydnavirus Microplitis demolitor bracovirus (MdBV) induced apoptosis in specific 
hemocytes of Spodoptera frugiperda caterpillars and this activity contributed to the 
immunosuppression of the host (Suderman et al., 2008). Baculoviruses contain pro-apoptotic 
genes, for example, the immediate early gene 1 (ie1) from the baculovirus AcMNPV. Previous 
studies have shown that the expression of the ie1 gene from AcMNPV leads to the formation 
of apoptotic bodies in virus-infected Sf21 cells by initiating virus DNA replication events that 
subsequently trigger cell death (Schultz et al., 2009). Apart from pro-apoptotic genes (like ie1), 
baculoviruses also contain anti-apoptotic genes, to suppress apoptosis. AcMNPV carries the 
anti-apoptotic gene p35, while other baculoviruses contain either p35 homologues or inhibitor 
of apoptosis (iap) genes (Clem, 2001). 
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The CNS in host behavioural manipulation  
While some details are known on how parasites modulate the host immune system, hardly 
anything is known about the mechanisms underlying parasitic behavioural manipulation. 
Parasites may achieve host behavioural manipulation via invading the host’s central nervous 
system (CNS), the endocrine system, and/or the immunomodulatory system (Lafferty and Shaw, 
2013). Neuromodulators are messenger molecules released from neurons in the CNS and are 
known to control a wide range of host behavioural traits. Several studies have shown that 
parasite-induced behavioural changes are accompanied by altered levels of neuromodulators 
(Adamo, 2002; Libersat et al., 2009; Ohkawara and Aonuma, 2016; Perrot-Minnot and Cezilly, 
2013). For example, Manduca sexta parasitized by the parasitoid Cotesia congregata exhibited 
declined feeding and locomotion behaviour and this was accompanied by a sharp increase in 
octopamine content in the larval CNS (Adamo, 2002). Amphipods of the species Gammarus 
pulex showed a much stronger phototactic behaviour when infected with acanthocephalan 
parasites. In this example, the behavioural change was linked to an increase in the serotonin 
levels in the amphipod brains (Tain et al., 2006).  
Baculoviruses may also alter host behaviour by affecting or invading the host CNS, and 
BmNPV and HearNPV have been detected in the brain of infected hosts (Herz et al., 2003; 
Katsuma et al., 2012; Torquato et al., 2006). The CNS of insect consists of a brain and a ventral 
nerve cord (Figure 2). The brain has two lobes and the ventral nerve cord consists of the 
subesophageal ganglion (SEG), three thoracic ganglia and seven abdominal ganglia. The brain 
and SEG are in the head region of the caterpillar and are connected by the paired 
circumesophageal connective (CirC). The brain and SEG form the higher-order control centre 
and regulate many different biological processes in the larvae (Ando and Kuwasawa, 2004; 
Cantera et al., 1995; Reichert and Boyan, 1997). However, in-depth knowledge on the larval 
lepidopteran brain is needed to further understand how baculoviruses might manipulate the 
insect brain.    
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Figure 2. Schematic representation of the insect central nervous system (CNS). Panel I: the position of 
the CNS in the insect body (from left to right: head to tail). Panel II: the insect CNS consisting of the 
brain with two lobes, the subesophageal ganglion, three thoracic ganglia and seven abdominal ganglia. 
Panel III indicates the colour scheme used to indicate the different domains of the CNS (Picture from 
Clinton Nelson; http://slideplayer.com/slide/9069429/). 
Application of -omics to reveal mechanisms underlying parasitic manipulation  
To elucidate the molecular mechanism underlying manipulation of host behaviour by 
baculoviruses, previous studies on baculovirus-induced behavioural changes followed a 
candidate gene approach (Fitzpatrick et al., 2005; Hoover et al., 2011; Kamita et al., 2005; 
Katsuma et al., 2012; van Houte et al., 2012). However, this approach provides a relatively 
narrow view of the mechanisms behind behavioural manipulation. To discover novel genes for 
which a relation with regulation of behaviour was not known or expected before, methods that 
are able to monitor the expression of genes under various circumstances or the abundance of 
the encoded proteins need to be applied. The development of high-throughput methods like 
transcriptomics, proteomics and metabolomics enable such analyses, having the potential to 
generate global, unbiased and quantitative data. Such analyses benefit strongly from the 
availability of the genome sequence of the organism under study and in that aspect it is 
worthwhile mentioning here that the full genome of S. exigua has not been sequenced yet, only 
the genome of a closely related species [i.e. S. frugiperda (Gouin et al., 2017)] is known.   
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Using a transcriptomic (or RNA sequencing; RNAseq) approach all RNA molecules produced 
in a tissue can be studied, including mRNAs, rRNAs, tRNAs, and other non-coding RNAs 
(Vijay et al., 2013). Studying the changes in the transcriptome as a response to different 
environmental conditions is currently one of the most accessible ways to reveal the molecular 
basis of phenotypic changes, including parasitic manipulation (Aubin-Horth and Renn, 2009). 
De Bekker et al. (2015) used an RNAseq approach to study the biting behaviour of carpenter 
ants induced by the fungus Ophiocordyceps unilateralis s.l. In that study, the transcriptomes of 
the carpenter ant during biting and after biting were compared. The results indicated that the 
fungus may regulate immune responses and neuronal stress in the host to induce the biting 
behaviour (de Bekker et al., 2015). In a follow-up study, the transcriptome of the parasite 
Ophiocordyceps kimflemingiae was determined under normal light-dark cycles and under 
continuous dark conditions. The results revealed that the fungal parasite might use biological 
clock genes to induce phase-specific activity in its host (de Bekker et al., 2017). Though 
transcriptomic approaches have been widely used in other studies, only a few studies have used 
transcriptomics to study parasitic manipulation.  
With a proteomic approach, all proteins present in a tissue are studied simultaneously (Diz et 
al., 2012). Given the importance of proteins in signal transduction pathways, this method is of 
vital importance in studying parasitic manipulation. Pioneer studies on behavioural 
manipulation using proteomics were performed by Biron et al. (2005) to understand the water 
seeking behaviour of crickets parasitized by hairworms (Biron et al., 2005; Biron et al., 2006). 
These studies provided the first pieces of evidence that parasites induce behavioural changes 
via direct or indirect biochemical alterations and revealed that molecules secreted by the 
parasite could affect the development of the central nervous system (CNS) of the host. The 
molecules secreted by the hairworms were homologous to the Wnt family of proteins, known 
to play a role in signal transduction (Biron et al., 2006). To my knowledge, this is so far the 
only study investigating the molecular mechanisms of parasitic manipulation by using a 
proteomic approach.  
 
Outline of the thesis  
As described above, baculoviruses induce several behavioural and immunomodulation 
physiological changes in their host which eventually might enhance virus transmission. This 
thesis focuses on the possible mechanisms underlying these virus-induced modifications.   
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In Chapter 2 the known examples of insect behavioural changes following virus infection are 
reviewed. Special attention is given to baculovirus-induced behavioural changes, with a focus 
on the role of several baculoviral genes in this process. Additionally, the ecological and 
evolutionary consequences of the virus-induced insect behavioural changes are discussed.  
As outlined above, baculoviruses induce pre-death climbing behaviour (tree-top disease) in 
infected hosts. This process may involve viral and host genes, but environmental conditions 
may also affect the outcomes of behavioural manipulation. Hoover et al. (2011) showed that 
the egt gene from baculovirus LdMNPV was involved in inducing tree-top disease in L. dispar. 
Our previous work showed that SeMNPV induces light-dependent pre-death climbing 
behaviour in S. exigua (van Houte et al., 2014). The role of the egt gene in this process is 
investigated in Chapter 3. Besides host and viral genes, environmental conditions also affect 
the outcomes of behavioural manipulation. Since light plays a key role in triggering tree-top 
disease (van Houte et al., 2014), the importance of timing of light in this process was further 
analysed in Chapter 4.  
Baculoviruses may modulate the immune system of their host and this may affect virus 
transmission. A protein tyrosine phosphatase (ptph2) gene from Microplitis demolitor 
bracovirus induces apoptosis in host immune system to enhance virus production. Chapter 5 
aims to investigate the pro-apoptotic effect of SeMNPV protein tyrosine phosphatase PTP2 on 
cultured cells and on the immune system of S. exigua larvae and discusses how this might affect 
virus transmission.   
In addition to tree-top disease, baculoviruses may also trigger hyperactivity in infected hosts. 
Parasites may achieve behavioural manipulation via invading or affecting the CNS of infected 
hosts. In many cases the expression of neurotransmitters is also altered. Therefore, it is 
hypothesized that AcMNPV induces hyperactivity by invading the S. exigua CNS and by 
changing the levels of neurotransmitters. In Chapter 6, immunocytochemistry is used to study 
the anatomy of the serotonin neurons in the third instar larval brain and SEG of S. exigua.  
A 3D model of the larvae brain is presented and it was studied whether AcMNPV infects the S. 
exigua larval brain and SEG. 
The ptp gene from AcMNPV as well as BmNPV is involved in the induction of hypermactivity 
in S. exigua and B. mori larvae, respectively (Kamita et al., 2005; Katsuma et al., 2012; van 
Houte et al., 2012). Moreover, it has been shown that the phosphatase activity of PTP is needed 
for the induction of hyperactivity by AcMNPV (van Houte et al., 2012). Viral and host proteins 
that interact with AcMNPV PTP are investigated in Chapter 7. This is achieved by purifying 
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PTP from AcMNPV- infected S. exigua larvae and by subsequently identifying co-purified 
proteins using a proteomic analysis.  
Finally, in Chapter 8 the results of the different chapters are discussed and placed in a broader 
perspective on parasitic manipulation. Furthermore, an outlook and some directions for future 
research are given.  
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Virus-induced behavioural  
changes in insects 
 
This chapter has been published as  
Han Y, van Oers MM, van Houte S, Ros VID, 2015. Virus-induced behavioural changes in 
insects, in: Mehlhorn, H. (Ed.), Host Manipulations by Parasites and Viruses. Springer 
International Publishing, Cham, pp. 149-174. 
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Abstract              
Increasing evidence shows that host behaviour often changes following infection by a variety 
of parasites, including viruses. The altered behaviour is either induced by the parasites to 
enhance parasite survival and transmission, or is a response of the host to avoid spread of 
infection in the host population. Given the high prevalence of viruses among insects, in a virus-
host interaction or in a virus-vector relationship, viruses might have a huge impact on insect 
behaviour. This review first describes known examples of changes in insect behaviour upon 
virus infection. Although scarce, any known information on the underlying mechanism is also 
included. Special attention is given to baculoviruses and the hyperactivity and tree-top disease 
that they induce in their caterpillar hosts, so far the best studied systems in this research field. 
Subsequently, we discuss the virus-induced changes in insect behaviour from an ecological and 
evolutionary point of view. 
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Introduction 
Insects are thought to be the most successful class among all known living organisms due to 
their high diversity and wide distribution: more than a million insect species have been 
described, which represent more than half of all known animal species, and insects can be found 
in almost all environments (Chapman 2006; Cranston 2010). Throughout their life cycle, insects 
encounter a variety of parasites, ranging from the smallest and simplest viruses to larger and 
more complex organisms like nematodes and parasitoids (van Houte et al. 2013; Cézilly et al. 
2010). Insects are affected in many different ways upon infestation by parasites and this 
includes changes in development, metabolism, morphology, physiology and, most intriguingly, 
behaviour. The most well-known examples of host behavioural changes include the suicidal 
water-seeking behaviour of the cricket Nemobius sylvestris infested with the hairworm 
Paragordius tricuspidatus (Thomas et al. 2002) and the climbing behaviour of the carpenter 
ant Camponotus leonardi infected with the fungus Ophiocordyceps unilateralis (Hughes et al. 
2011). Though many parasites have been reported to induce behavioural changes in insect hosts 
(Lefèvre et al. 2009; van Houte et al. 2013), the documentation on virus-induced changes in 
insect behaviour is scarce. Given the high prevalence of viruses among insects, either in a 
pathogenic interaction or in a virus-vector relationship (Miller and Ball 1998), viruses might 
have a huge impact on insect behaviour. In this review, we give an overview of the documented 
changes of insect behaviour upon infection by viruses and reveal what is known about the 
underlying molecular mechanisms. 
Host behavioural changes upon infection by a parasite can be adaptive to the parasite or to the 
host. Many cases that clearly show enhancement of parasite transmission have been treated as 
compelling examples of the concept of the “extended phenotype” (Thomas et al. 2005; van 
Houte et al. 2013). The concept was proposed by Dawkins in 1982, and is defined as “genes 
from one organism (the parasite) having phenotypic effects on another organism (the host)” 
(Dawkins 1982). However, the behavioural changes are not always advantageous for the 
parasites, but can also be adaptive to the host to reduce the pathogenic effects of the infection 
to the individual or the population, or just be pathological side effects (Thomas et al. 2005; van 
Houte et al. 2013). 
The first part of this review deals with the known examples of insect behavioural changes 
following infection by viruses that use insects as hosts or vectors, and, if known, the underlying 
mechanisms of such behavioural changes are explained. An overview of these virus-induced 
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behavioural changes is given in Table 10.1. Special attention is given to baculovirus-induced 
behavioural changes in caterpillars. Because extensive information is available on baculovirus 
genomics and virus mutants can be easily made, several viral genes behind baculovirus-induced 
behavioural changes have successfully been identified. In the second part of this review we 
discuss the ecological and evolutionary consequences of virus-induced insect behavioural 
changes. 
 
Leptopilina boulardi Filamentous Virus (LbFV) Induces Superparasitism in the 
Parasitoid Wasp L. boulardi 
Leptopilina boulardi is a solitary parasitoid (order Hymenoptera) that usually lays a single egg 
per Drosophila host larva (order Diptera) and rejects already parasitized larvae, since only one 
wasp larva can successfully develop within the body of a Drosophila larva. Upon 
superparasitism (when a wasp parasitizes a Drosophila larva that has already been parasitized 
by another wasp), within-host larval competition occurs and only one of the wasp larvae 
survives. Usually, egg-laying wasp females avoid superparasitism, although it might occur 
under specific circumstances when fly hosts are rare (van Alphen and Visser 1990). L. boulardi 
filamentous virus (LbFV, an unclassified double-stranded (ds) DNA virus) infects L. boulardi 
wasps and increases the tendency of L. boulardi females to accept already parasitized fly hosts, 
which allows horizontal transmission of the virus from infected to uninfected L. boulardi larvae 
within the superparasitized Drosophila host (Patot et al. 2009; Varaldi et al. 2003), Theoretical 
models predict that such superparasitism behaviour is beneficial to the virus (Gandon et 
al. 2006), since the virus can invade new wasp lineages. It is hypothesized that the virus is 
injected together with the wasp egg into the Drosophila host during oviposition and that it 
infects the emerging parasitoid during its larval development (during which the parasitoid 
consumes the virus-infected Drosophila hemocoel). If a single parasitoid egg is present, 
vertical transmission occurs, because the parasitoid larva picks up the virus that was injected 
by its mother into the hemocoel of the Drosophila host. If two or more wasp eggs are present 
in one Drosophila larva, horizontal transmission may occur (when the progeny from an 
uninfected wasp present in the Drosophila larva picks up the virus delivered during subsequent 
superparasitsm by a virus-infected wasp female). The efficiency of horizontal transfer depends 
on the time between successive ovipositions (Varaldi et al. 2009), which determines the 
difference in age and hence competition ability of the already present and incoming larvae. L. 
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boulardi females pierce host larvae with their ovipositor to detect chemical cues associated with 
previous infestations. Although the exact mechanism behind the LbFV-induced superparasitism 
is unknown, it is hypothesized that LbFV affects chemoreceptor neurons in the ovipositors used 
to detect chemical cues associated with previous infestations, either through cell lysis or 
modulation of gene expression (Varaldi et al. 2009). 
The influence of LbFV on other behavioural traits of the parasitoid wasps has also been 
investigated (Varaldi et al. 2006, 2009). The virus did not affect the circadian rhythms of the 
wasps, nor the ability of infected males to locate females through detection of sex pheromones, 
the ability of females to locate odours of fly larvae, the search patterns of foraging females, or 
the ability of females to discriminate between good and poor quality fly larvae. On the other 
hand, viral infection lead to a strong reduction (45 %) of locomotor activity of infected wasp 
females (while no effect was detected in males), possibly because of resource-allocation to wasp 
traits that benefit virus transmission, like egg-load, which was increased by 11 % for infected 
females (Varaldi et al. 2005). This increase in egg-load might compensate for the higher risk of 
an infected female being egg-limited (due to superparasitism; single wasp females have been 
found to lay more than 9 eggs in a single Drosophila host). The increase in egg-load might be 
an adaptive response of the parasitoid to the presence of the virus, or a component of the virus-
induced manipulation (Gandon et al. 2006). LbFV also affects the immune response of 
the Drosophila larvae against the parasitoids (Martinez et al. 2012). Virus-infected parasitoids 
are less frequently encapsulated (the main defense mechanism against parasitoids) than 
uninfected ones. This is not just a consequence of increased rates of superparasitism, but is also 
found in monoparasitized larvae. 
 
Iridovirus Infection Changes Sexual Behaviour in Crickets and Beetles 
Activation of the immune system has been shown to reduce sexual activity in a variety of 
animals, including invertebrates (Adamo 2008; Lawniczak et al. 2007). In general, induction of 
immune responses in the field cricket Gryllus campestris, the ground cricket Allonemobius 
socius and the sagebrush cricket Cyphoderris strepitans (order Orthoptera) reduces the calling 
frequency of males, thereby limiting their chances to mate with females (Fedorka and 
Mousseau 2007; Jacot et al. 2004; Leman et al. 2009). Reduced mating rates and other sickness 
behaviour that signal danger to healthy individuals are beneficial for the host population in 
which a sick animal lives, but would negatively affect sexually transmitted parasites that rely 
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on mating for their dispersal (Adamo 2014). It is therefore evident that sexually transmitted 
viruses should have developed strategies to counteract host immune responses that lead to 
reduced sexual activity in order to safeguard their transmission. 
An example is seen in an iridovirus isolated from crickets (CrIV, a strain of invertebrate 
iridescent virus 6 (IIV-6), family Iridoviridae, genus Iridovirus) (Kleespies et al. 1999; Jakob 
et al. 2002), which is sexually transmitted between Gryllus texensis crickets. Induction of 
immune responses normally leads to sickness behaviour, including a reduction in male calling 
rates, but this was not the case upon IIV-6/CrIV infection (Adamo et al. 2014). CrIV infection 
did not induce other sickness behaviours either, such as illness-related anorexia (Adamo et 
al. 2010). When CrIV-infected crickets were immune-challenged with heat-inactivated bacteria, 
they took longer to start courtship singing, in contrast to uninfected crickets that showed a 
shorter latency to court upon immune-challenge. A likely explanation for these observations is 
that CrIV infects the major components of the insect’s immune system. The virus infects 
hemocytes and massive virus replication in the fat body has been reported (Kleespies et 
al. 1999). As a consequence of fat body infection, the level of immune-related host proteins 
strongly declined (Adamo 2014; Adamo et al. 2014). The hypothesis is that due to the reduced 
level of circulating immunomodulators the communication between the immune system and 
nervous system is hampered, preventing the induction of sickness behaviour. Since the immune 
system itself is attacked by CrIV, the crickets can no longer respond to bacterial stimuli either. 
In contrast, Phyllophaga vandinei beetles (order Coleoptera) infected with the IIV-6 
strain Chilo iridescent virus (IIV-6/CIV) showed strongly reduced mating behaviour (Jenkins 
et al. 2011). Pathologically not much is known of this virus/host combination, but it may be 
that infection is not efficient enough to completely overtake the fat body in this putatively non-
natural virus/host combination. On the other hand the CIV strain is known to be transmitted 
efficiently via contaminated food (Nalçacıoğlu et al. 2009) and, therefore, it may not be 
advantageous for virus transmission to keep host mating levels high. 
 
Helicoverpa zea Nudivirus 2 Alters the Mating Behaviour of the Corn Earworm 
Moth H. zea 
Helicoverpa zea nudivirus 2 [HzNV-2, formerly known as Hz-2 V and as gonad-specific virus 
(GSV); family Nudiviridae] manipulates the physiology and behaviour of its host, the corn 
earworm moth H. zea (order Lepidoptera), in such a way that viral transmission is enhanced 
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(Burand 2009; Burand et al. 2005). HzNV-2 replicates exclusively in the reproductive tissues 
of both male and female moths and this leads to malformation of these tissues and sterility of 
the moths (Raina and Adams 1995; Burand et al. 2005). In addition, female moths can be fertile, 
asymptomatic carriers that can transmit the virus vertically to their offspring (Hamm et 
al. 1996). 
H. zea females may mate several times, but generally mate once during a given night 
(Burand 2009; Raina et al. 1994). This mating pattern is regulated by the sex pheromone level 
of the adult female. Pheromone production peaks during the second and third night after adult 
emergence and triggers female mating and calling behaviour, which attracts males. After mating, 
pheromone levels decline, and transfer of male-derived anti-calling factors that are part of the 
seminal fluid result in the loss of female sexual receptivity (Burand et al. 2005). Virus-infected 
females, however, continue calling after contact with males. This is a consequence of the 
presence of a ‘virus plug’ covering the reproductive opening of the female moths, preventing 
the transfer of anti-calling factors. Moreover, it was shown that infected females attracted twice 
as many males as uninfected females, which was a result of increased pheromone levels. 
However, males could not effectively mate with infected females due to presence of the virus 
plug. Nevertheless, during the short contacts (mating attempts) males could be contaminated 
with the virus, which they could transfer to other (uninfected) females during subsequent 
matings (Burand et al. 2004). 
While uninfected males were more attracted to infected females than to uninfected females, 
HzNV-2 infected males had no preference for infected over uninfected females, and in fact 
responded less quickly to female calls. Most mating attempts of infected males were 
unsuccessful, although sexual contacts did occur, long enough for the virus to be transmitted. 
Infected males lacked accessory glands and most likely do not produce anti-calling factors. 
Therefore, females continued calling after mating attempts with infected males. Subsequent 
mating of these females with healthy males resulted in infected offspring (either asymptomatic 
or sterile progeny) being produced (Burand and Tan 2006). 
 
Hygienic Measures of Honeybees Against Virus Infections 
Kulinčević and co-authors reported in 1969 that honeybees (order Hymenoptera) that were 
infected with an as yet unidentified virus, causing the bees to become black and hairless, were 
attacked by conspecifics and were occasionally stung to death (Kulinčević et al. 1969). It is not 
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exactly clear which virus is responsible, but this phenomenon reflects the ability of social 
insects to recognise infected nest mates. Social insects, such as honeybees (Apis mellifera) live 
together in dense populations with a high frequency of physical contact and a high degree of 
genetic homogeny. To limit the risks of disease transmission, social insects display various 
forms of antiseptic behaviour, reviewed by Wilson-Rich et al. (2009). Worker bees may limit 
damage by early removal of diseased brood from the colony, a phenomenon described as 
hygienic behaviour. Hygienic behaviour may occur in addition to undertaking (the removal of 
dead adults from the hive) and grooming (Wilson-Rich et al. 2009). 
Bee virus infections often occur together with brood parasitism by Varroa destructor mites 
(Ball 1989). These mites parasitize bee nymphs, increase virus susceptibility of bees (Yang and 
Cox-Foster 2005) and serve as vectors for virus transmission, e.g. Gisder et al. (2009). The 
combination of Varroa mites and bee viruses poses a severe threat to bee colonies. A theoretical 
study showed that beehives that can reduce Varroa infestation by grooming and hygienic 
behaviour could in theory limit virus prevalence (Sumpter and Martin 2004). In practice, 
worker bees are able to recognise Varroa mite infestation and remove infested brood. Brood 
infested by mites with high virus titres were more efficiently removed, as was shown for 
deformed wing virus (DWV, family Iflaviridae, genus Iflavirus) (Schöning et al. 2012). 
Bee colonies seem to vary considerably in the ability to recognise Varroa infested brood 
(Harris 2007). Changes in cuticular hydrocarbon profiles in bee pupae and emerging bee adults 
may be responsible for the recognition of Varroa-infested brood and parasitized emerging 
adults (Salvy et al. 2001). Changes in hydrocarbon composition were also reported for DWV-
infected adult bees and these bees had a much higher chance of being bitten and removed from 
the hive than non-infected nest mates (Baracchi et al. 2012). Cuticular hydrocarbon profile 
changes were also found after immune stimulation with bacteria (Richard et al. 2008, 2012). 
The altered hydrocarbon composition seems to be a general immune response that may signal 
healthy workers to avoid or actively remove infected nest mates, allowing counter action against 
disease at a population level. 
 
Bee Viruses and Changes in Honeybee Neuronal Physiology 
Viruses that infect honeybees may affect sensory perception and learning ability. Infection with 
DWV alters the responsiveness to sensory information, leading to proboscis extension at lower 
sucrose concentrations than seen for non-infected bees (Iqbal and Mueller 2007). In addition, 
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associative learning and memory formation were disturbed in DWV-infected bees. When an 
olfactory signal was given before a rewarding sucrose stimulus, infected animals did not learn 
to respond to the olfactory signal (Iqbal and Mueller 2007). This could be caused by replication 
of DWV in the brains, especially in regions associated with vision and olfaction (Shah et 
al. 2009). Brain infection may also have led to the aggressive bees observed in Japan that were 
infected with a genetic variant of DWV, Kakugo virus (Fujiyuki et al. 2004, 2005), but DWV 
itself has not been associated with aggressiveness (Rortais et al. 2006). Honeybees infected 
with Israeli acute paralysis virus (IAPV, family Dicistroviridae), also showed a lower sucrose 
threshold (Li et al. 2013). IAPV significantly reduced the ability of pollen foragers to return to 
the hive, in line with the fact that IAPV diseased bees are often found outside the hives. These 
changes in behaviour were accompanied by high IAPV titers in the heads, leading to the 
hypothesis that IAPV infection interfered with brain functions responsible for learning and 
navigation (Li et al. 2013). A possible advantage for the bee population is that this virus-
induced mal-orientation may protect against further virus-spread within the hive. 
 
The Parasitoid Dinocampus coccinellae Uses an Iflavirus to Change the Behaviour 
of the Ladybeetle Coleomegilla macaluta 
A unique example of parasitic manipulation is seen for Dinocampus coccinellae (order 
Hymenoptera), a parasitic wasp that lays its eggs in the ladybeetle Coleomegilla maculate(order 
Coleoptera) and uses a virus as a ‘biological weapon’ to manipulate the behaviour of the 
ladybeetle (Dheilly et al. 2015). The wasp larvae develop within the body of the ladybeetle and 
after circa 20 days a single prepupa egresses and spins a cocoon between the ladybeetle’s legs. 
The ladybeetle serves as a bodyguard to protect the parasitoid cocoon from predation by 
covering the cocoon with its body (Dheilly et al. 2015; Maure et al. 2013). The behaviour of 
the ladybeetle is altered during this process; it is partially paralysed and displays tremors, 
suggesting a neurological disorder. A new virus was discovered, D. coccinellae paralysis virus 
(DcPV) (family Iflaviridae), which replicates mainly in D. coccinellae larvae, and is highly 
abundant in the oviduct cells of adult wasps. Before egression, the parasitoid larva transmits 
DcPV to the ladybeetle. The virus then replicates in the cerebral ganglia of the ladybeetles and 
induces a severe neuropathy, resulting in paralysis and tremors. Even so, an antiviral immune 
response is induced in the ladybeetle, which eventually leads to elimination of the virus, and 
recovery of normal behaviour. A range of parasitoids induce bodyguarding behaviour in their 
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insect hosts (Maure et al. 2013; van Houte et al. 2013), and while the mechanisms have rarely 
been explored, other parasitoids may use viruses to induce bodyguarding behaviour. 
 
Baculovirus-Induced Behavioural Changes in Caterpillars 
The earliest known description of behavioural alterations in diseased insects dates from 1891, 
likely representing the oldest written account of behavioural manipulation by parasites in 
history. In this work Hofmann illustrates how larvae of the nun moth Lymantria monacha (order 
Lepidoptera) climb up and die in tree canopies. These larvae succumbed to an unknown agent, 
which made them crawl out of their common diurnal hiding place to die on exposed parts of the 
trees. This phenomenon was named Wipfelkrankheit, more commonly known as tree-top 
disease (Hofmann 1891). It was discovered several decades later that these larvae had died due 
to an infection with a baculovirus, causing behavioural alterations in the infected caterpillars 
and liquefying them to efficiently spread progeny viruses into the environment. Subsequent 
studies reported higher dispersal rates and aberrant climbing behaviour of infected caterpillars 
compared with healthy ones, leading to death at elevated positions (Smirnoff 1965; Evans and 
Allaway 1983). The first quantitative studies on baculovirus-induced changes of host behaviour 
were performed using Mamestra brassicae larvae infected with the baculovirus M. 
brassicae multiple nucleopolyhedrovirus (MbMNPV) (Vasconcelos et al. 1996; Goulson 1997). 
Infected larvae were found to move 3–5 times further within a given time than uninfected ones, 
and the majority of larvae died on the apical, more exposed part of plant leaves. 
The behavioural repertoire induced by baculoviruses (family Baculoviridae) in their caterpillar 
hosts (order Lepidoptera) includes both tree-top disease (pre-death climbing behaviour) and 
hyperactivity (wandering over larger areas). For a long time, nothing was known about the 
proximate mechanisms that might govern these behavioural changes. In 2005, Kamita and co-
authors identified the first ‘behavioural’ gene in a baculovirus by demonstrating the 
involvement of the protein tyrosine phosphatase (ptp) gene from Bombyx mori (Bm) NPV in 
hyperactive behaviour in larvae of the silkworm B. mori. Similarly, van Houte et al. (2012) 
showed that the ptp gene of Autographa californica (Ac) MNPV induced hyperactive 
behaviour in its host Spodoptera exigua. It was hypothesized that the viral ptp gene plays a 
conserved role in the induction of hyperactivity in a subset of baculoviruses (a monophyletic 
clade in the genus Alphabaculovirus, named group I) (van Houte et al. 2012). 
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A study on Lymantria dispar (Ld) MNPV showed that the viral ecdysteroid-UDP-glucosyl 
transferase (egt) gene is required for death at elevated positions (tree-top disease) of gypsy moth 
(L. dispar) larvae (Hoover et al. 2011). However, the role of egt as a ‘gene for an extended 
phenotype’ (Hoover et al. 2011) seems not generally applicable: in tree-top disease induced by 
the baculovirus AcMNPV in both S. exigua and Trichoplusia ni caterpillars the viral egt gene 
does not play a role (Ros et al. 2015). When the egt gene was deleted from the viral genome, 
infected larvae died at the same height as wild type-infected larvae. Earlier studies on egt had 
shown that the encoded enzyme suppresses larval moulting, leading to an extended time to 
death. In certain caterpillar species, moulting is preceded by up- or downward movement of 
larvae; therefore, in some virus-host combinations, egt might have an effect on tree-top disease 
through an effect on larval moulting (Ros et al. 2015). In AcMNPV-infected S. exigua and T. 
nithe egt gene did affect moulting-related climbing behaviour. It did however not affect tree-
top disease, which, in these virus-host combinations, occurred at a later stage of the infection 
than the moulting-related climbing. The apparent effect of egt on tree-top disease is dependent 
on the specific virus-host interaction and likely is influenced by factors such as the viral dose, 
time of infection (e.g. compared to the time of moulting), time of death and the intrinsic 
behaviour of the host. Since the role of egt in tree-top disease is not universal (Ros et al. 2015), 
other viral genes are likely to be involved. 
While AcMNPV infection induces tree-top disease in the two lepidopteran hosts T. ni and S. 
exigua, the phenotype appears to be host-dependent (Ros et al. 2015). In T. ni infected as 3rd 
instars, virus infection always caused the larvae to climb up and die at elevated positions, 
regardless of the larval stage at death. For S. exigua however, only larvae that had moulted 
during the infection (from 3rd to 4th instar) climbed up and died at elevated positions. Those 
that did not undergo moulting moved downwards and died at low positions. Additional 
experiments showed that this moulting-dependent climbing behaviour was also seen for 2nd 
instar larvae, and hence may be independent of the stage of the larvae at infection. When 2nd 
instar larvae were infected, only larvae that moulted during the infection (from 2nd to 3rd instar) 
died at elevated positions (80.0 mm ± 9.5), while those that did not moult (died as 2nd instar) 
moved downwards and died at low positions (0.0 mm ± 0.0) (Figure 10.1). These moulting-
dependent differences in pre-death climbing behaviour might be related to the normal 
(moulting-related) climbing behaviour that these two species display in the absence of virus 
infection. Downward movement was also observed for larvae of the winter moth Operopthera 
brumata infected with O. brumata NPV (OpbuNPV) (Raymond et al. 2005). Infected larvae 
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descended from the foliage to the lower tree stems to die there, which might contribute to virus 
persistence and transmission. OpbuNPV occlusion bodies persist better on stems than on foliage 
and virus transmission differs in this system, since O. brumata is a forest dwelling species. 
 
Figure 1. Average height at death (mm) of wild type (WT) AcMNPV-infected larvae (infected as second 
instars) that died as either second († L2; n = 6) or third († L3; n = 10) instars. Error bars indicate standard 
error of the mean. [Methods: S. exigua late 1st instar larvae were starved overnight. The next morning, 
newly moulted 2nd instar larvae were infected by droplet feeding using a viral dose of 10^7 OBs/ml of 
WT AcMNPV as described previously (van Houte et al. 2012). Larvae were placed individually in glass 
jars (van Houte et al. 2014a) to allow climbing and their final position of death was monitored when all 
larvae were dead (see Figure 10.2b for experimental set-up)]. 
Another important factor involved in the induction of tree-top disease is light (van Houte et 
al. 2014b). The specialist baculovirus S. exigua (Se) MNPV induced tree-top disease in  
S. exigua larvae, and prior to death, larvae were strongly attracted to light. When light was 
presented from above, infected larvae died at elevated positions, however, when light was 
presented from below, or no light was present at all, larvae died at low positions. Since climbing 
of uninfected larvae was light-independent (pre-moult climbing behaviour occurred also under 
completely dark conditions), the light-dependent climbing seen in tree-top disease was 
specifically evoked by virus infection (van Houte et al. 2014b). Possibly, baculoviruses hijack 
existing host pathways, that are for instance required for moulting-related climbing behaviour 
(through egt), or pathways related to light perception or phototaxis. However, baculoviruses do 
not use light as a uniform mechanism to trigger tree-top disease in caterpillars. Tree-top disease 
induced by LdMNPV in L. dispar larvae (K. Hoover, personal communication) or by AcMNPV 
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in T. ni larvae (V.I.D. Ros, unpublished data) was light-independent, since it was also observed 
in dark conditions. This indicates that baculoviruses may use different mechanisms to trigger 
tree-top disease. 
While hyperactivity and tree-top disease are both induced by baculoviruses in caterpillar hosts, 
and can both be induced in a single infection, they seem to be caused by two independent 
manipulative mechanisms (van Houte et al. 2014a). The AcMNPV ptp gene was shown to 
induce hyperactivity, but not tree-top disease in its S. exigua host (van Houte et al. 2014a). 
Another indication that tree-top disease and hyperactivity are governed by different 
mechanisms is that these two phenotypes are triggered at different time points: hyperactivity is 
induced at 3 days post infection (around 70 h post infection) (van Houte et al. 2012), and the 
climbing behaviour leading to tree-top disease starts from 75 hpi onwards (Ros et al. 2015). 
In conclusion, baculovirus-induced manipulation of caterpillar behaviour seems the result of a 
complex interplay between virus and host. Different behavioural displays are induced 
(hyperactivity and tree-top disease), by different causative mechanisms (see above). The 
expression of the different phenotypes is dependent on the virus-host system studied. Although 
the role of the viral ptp in hyperactivity seems to be conserved within group I NPVs, this gene 
is absent in group II NPVs and in granuloviruses (genus Betabaculovirus). Viruses in these 
latter two groups have also been shown to induce hyperactive behaviour in lepidopteran hosts 
[e.g. MbMNPV in M. brassicae larvae, (Goulson 1997)], which implies that different viral 
genes might be involved in inducing hyperactivity. Which virus and/or host genes, proteins or 
pathways act downstream of the viral ptp and egt gene need to be determined. A genome-wide 
approach (transcriptomics/proteomics) can aid in selecting candidate genes or proteins involved 
in behavioural manipulation (van Houte et al. 2013). 
 
Dicistroviruses Affect Aphid Behaviour 
Aphids are hosts to a wide variety of microorganisms, including viruses, bacteria and fungi. All 
these microorganisms potentially have a major impact on aphid ecology (Ban et al. 2008). Two 
viruses have been reported to change the behaviour of aphids. Aphid lethal paralysis virus 
(ALPV, family Dicistroviridae) induced an unusual movement syndrome in its aphid 
host Rhopalosiphum padi (order Hemiptera): infected aphids moved away from their food 
source and became uncoordinated (Williamson et al. 1988). Whether this behavioural change 
is beneficial to the virus or to the host is not known. Rhopalosiphum padi virus (RhPV, 
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family Dicistroviridae) is closely related to ALPV and was found to change the aggregation 
behaviour of aphids. Normally, R. padi aphids aggregate and are attracted to the odour of 
conspecific aphids. However, when R. padi aphids were infected with RhPV, they were not 
attracted to the odour of uninfected aphids any longer. Moreover, both infected and uninfected 
aphids were not attracted to infected aphids (Ban et al. 2008). The perception of repellent 
chemicals also changed after virus infection: infected aphids did not respond to methyl 
salicylate, an indicator of host suitability, and became more sensitive to the aphid alarm 
pheromone (Ban et al. 2008). It might be that these behavioural changes are beneficial to the 
host population, aimed at reducing the risk of infection for other aphids (usually of the same 
clone) sharing the host plant, and/or are beneficial to the virus since the virus is spread over a 
larger area, where aphids of other clones are more likely to be encountered. 
 
Plant Viruses Change the Behaviour of Aphid, Thrips and Whitefly Vectors 
Insects may function as vectors for plant viruses. Since the hosts for plant viruses are sessile, 
the potential for behavioural manipulation is restricted to the vectors, although viruses may 
affect the volatile profiles secreted by plants (Medina-Ortega et al. 2009). Several plant viruses 
have been shown to increase their transmission by affecting the feeding behaviour of the insect 
vector, changing food choices and altering the probing period and frequency (Ingwell et 
al. 2012; Fereres et al. 1990; Hu et al. 2013). The type of transmission (persistent versus non-
persistent) appears to have a direct correlation with the feeding behaviour observed for plant 
virus vectors (see review by Mauck et al. 2012). Non-viruliferous vectors show a strong 
attraction to infected plants, both for plants infected with persistently and non-persistently 
transmitted viruses. Persistently transmitted plant viruses such as potato leaf roll virus 
(PLRV, Luteoviridae) induce longer feeding times in aphid vectors needed to guarantee 
sufficient uptake of the virus from the phloem. For non-persistently transmitted viruses such as 
Potato virus Y (PVY, Potyviridae) aphids generally leave more quickly from infected plants 
than from healthy plants and the aphids can immediately transmit the virus after probing 
(Mauck et al. 2012). Ingwell et al. (2012) showed that R. padi aphids carrying barley yellow 
dwarf virus (BYDV, family Luteoviridae) preferred uninfected wheat plants, which promoted 
viral transmission. On the other hand, aphids that did not carry BYDV preferred BYDV-
infected wheat plants, which promoted the acquisition of this virus. The switch of the aphids’ 
preference from infected plants to uninfected plants after acquiring BYDV maximized the 
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pathogen transmission potential (Ingwell et al. 2012). A similar observation was made for 
potato leaf roll virus (PLRV, family Luteoviridae) and its aphid vector Myzus 
persicae (Rajabaskar et al. 2014). M. persicae aphids that did not carry PLRV preferred 
infected potato plants, while M. persicaecarrying the virus preferred healthy plants. This switch 
in host plant preference seems to enhance virus acquisition and transmission. Both the BYDV- 
and PLRV-induced changes in feeding preference can be a direct result of virus-vector 
interactions, but may also be affected by the exposure of the vector to infected plants 
(Rajabaskar et al. 2014). 
Tomato spotted wilt virus (TSWV), a member of the only plant-infecting genus (Tospovirus) 
in the family Bunyaviridae, alters the feeding behaviour of its thrips vector Frankliniella 
occidentalis (order Thysanoptera) (Stafford et al. 2011). Male thrips infected with TSWV 
showed an up to threefold increase in feeding frequency compared with uninfected thrips. 
Infected male thrips made more non-ingestion probes (probes in which they salivate, but leave 
cells largely intact), which cause less damage to the plant cells. Functional plant leaf cells are 
very important for successful TSWV infection, and due to this altered feeding behaviour, 
infected males transmit TSWV in a more efficient manner than females (van de Wetering et 
al. 1998; Stafford et al. 2011). 
Tomato yellow leaf curl virus (TYLCV, family Geminiviridae) was found to change the feeding 
behaviour of its whitefly vector Bemisia tabaci (order Hemiptera). Female whiteflies carrying 
TYLCV remained motionless for a longer time and moved slower after their first contact with 
the host plant (Moreno-Delafuente et al. 2013). In addition, probing and feeding behaviour 
changed. Plants are inoculated with virus during salivation in phloem sieve elements and this 
happens before phloem sap ingestion. B. tabaci carrying TYLCV fed more from phloem sieve 
elements and made more frequent phloem contacts. The duration of the salivation phase in the 
phloem sieve elements was also longer. All these behavioural changes are thought to enhance 
virus transmission. 
 
Arboviruses Change Mosquito and Midge Behaviour 
Many human and veterinary viruses use arthropods, such as mosquitoes, midges (both Diptera) 
or ticks (class Arachnida) as vectors. Arthropod-borne viruses (arboviruses) belong to various 
virus families and several have been found to change vector behaviour to increase virus 
transmission rates (van Houte et al. 2013; Lefèvre and Thomas 2008). These changes include 
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alterations in feeding behaviour (probing time and/or frequency), locomotion and flight activity, 
and in mating behaviour. 
Arboviruses classified in the family Bunyaviridae cause disease in their vertebrate host, but can 
also replicate in their insect vector. Many viruses from this family have been reported to change 
their vector’s behaviour. Grimstad et al. (1980) first reported that the mosquito Aedes 
triseriatus, when infected orally with La Crosse virus (LACV), probed more on mice, with 
reduced rates of blood engorgement; a similar behavioural change was found by Jackson et al. 
(2012). LACV-infected Ae. triseriatus mosquitoes took a significantly smaller blood meal than 
uninfected mosquitoes, and the refeeding rate of LACV-infected Ae. triseriatus mosquitoes was 
twice as high as that of uninfected mosquitoes. The decreased blood meal size combined with 
increased refeeding potentially intensifies the number of contacts between virus-carrying 
insects and vulnerable animal hosts, thus enhancing horizontal transmission of LACV. The 
changes in blood feeding behaviour were accompanied by altered serotonin levels in the 
mosquito brain (Jackson et al. 2012). LACV is not the only animal-infecting virus from the 
family Bunyaviridae that can change vector feeding behaviour. Rift Valley fever virus-
infected Culex pipiens mosquitoes also showed decreased feeding (Turell et al. 1985). 
Many other arboviruses have been reported to alter vector feeding behaviour. Vesicular 
stomatitis virus (VSV, family Rhabdoviridae) infection significantly reduced the number of 
female Culicoides sonorensis midges that took a blood meal at 2 days post infection (d.p.i.), 
when the virus titer was at its highest (Bennett et al. 2008). Whether this behavioural change is 
beneficial for virus transmission has yet to be determined. Aedes aegypti mosquitoes infected 
with Dengue 3 virus (family Flaviviridae) required a significantly longer time to feed on a host 
to complete the blood meal than uninfected mosquitoes, mainly due to extended periods of 
probing, which is expected to enhance dengue virus transmission (Platt et al. 1997). In contrast, 
Putnam and Scott (1995) reported that Dengue 2 virus infection did not impair the feeding 
efficiency of Ae. aegypti, although the absence of an effect might be due to the infection method 
used (intrathoracic inoculation), the time of measurement, or the mosquito and virus strains 
used (maintained in the laboratory for a long time). Sindbis virus (SINV, family Togaviridae) 
infected Ae. aegypti females required more time for blood engorgement than uninfected ones. 
Meanwhile, infected mosquitoes also spent more time on blood meal localization (Qualls et 
al. 2012). A longer feeding period per meal potentially increases the virus transmission rate, 
but it could also impose a greater risk of death of the vector if detected by the blood donor, 
which may finally reduce virus transmission efficiency. 
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Besides feeding behaviour, arboviruses manipulate other behavioural traits of their hosts, such 
as mating behaviour or locomotion/flight behaviour. Gabitzsch et al. (2006) described that the 
percentage of females inseminated by males was substantially higher for Ae. triseriatus females 
orally infected with LACV than for uninfected females. Similar results were found for Ae. 
triseriatus females that had been infected with LACV by transovarial (vertical) transmission 
(Reese et al. 2009). Additionally, it was found that LACV-infected mosquitoes mated earlier in 
their life than uninfected ones. More interestingly, the virus titer was not correlated with 
increased insemination, but an earlier insemination of LACV-infected female mosquitoes might 
increase the number and percentage of virus progeny in the next mosquito generation, thus 
leading to enhanced virus transmission (Reese et al. 2009). The higher mating efficiencies 
might be achieved via an effect of LACV on sex pheromone expression in Ae. triseriatus (Reese 
et al. 2009). 
Aedes aegypti mosquitoes infected with Dengue 2 virus showed up to a 50 % increase in their 
locomotor activity compared with uninfected females (Lima-Camara et al. 2011). Whether this 
increase in locomotor activity leads to higher virus transmission needs further investigation. 
The authors speculate that modulation of the circadian clock is involved in inducing this 
alteration (Lima-Camara et al. 2011). In other cases a reduction in flight activity was seen, 
which might be a pathological consequence of the infection and is in fact less favourable for 
virus transmission. Female Culex tarsalis mosquitoes, for instance, showed a reduced flight 
activity when infected with Western equine encephalomyelitis virus (family Togaviridae) and 
fewer spontaneous flights were recorded (Lee et al. 2000). The idea that this virus has 
pathological consequences for the mosquito is reflected by a reduction in longevity, which was 
shown to be dependent on the viral load. 
 
Ecological and Evolutionary Aspects of Behavioural Manipulation 
How behavioural manipulation by viruses occurs and evolves is a central question, not only for 
virologists, but also for evolutionary biologists. Many evolutionary scenarios have been 
proposed that might underlie behavioural manipulation by parasites, including 
manipulation sensu stricto (selection of parasite genes that directly affect host behaviour), 
exploitation of host compensatory responses (selection of parasite genes on their pathological 
effects), mafia-like manipulation (selection of parasite genes on host collaborative behaviour) 
and manipulation by parasites with complex life cycles (selection of other parasite traits) 
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(Lefèvre et al. 2009; Cézilly et al. 2010). However, experimental data supporting these theories 
are lacking and hard to obtain. 
Viruses within the same family can target and modify the same host behavioural trait, e.g. 
locomotion or feeding behaviour, indicating that the ability to manipulate that trait might be 
conserved among this viral family or part thereof. For example, LACV, RVF and TSWV all 
belong to the family Bunyaviridae and all three can alter the feeding behaviour of their vector, 
suggesting that altered vector feeding behaviour might be a conserved trait among bunyaviruses 
(Jackson et al. 2012; Turell et al. 1985; Stafford et al. 2011). The baculoviruses BmNPV and 
AcMNPV both induce hyperactivity (Kamita et al. 2005; van Houte et al. 2012) and several 
baculoviruses including LdMNPV, AcMNPV, SeMNPV, MbNPV have been reported to induce 
tree-top disease in their lepidopteran hosts (Hoover et al. 2011; Ros et al. 2015; van Houte et 
al. 2014b; Goulson 1997). These data demonstrate that the ability of inducing hyperactivity and 
tree-top disease in lepidopteran hosts is, at least to some degree, conserved among 
baculoviruses. 
Though the ability to modify the same behavioural trait might be conserved, different viruses 
may use different mechanisms to achieve this. For example, although both BmNPV and 
AcMNPV can induce hyperactivity in their hosts, the exact role of the encoded PTP protein 
might be different depending on the virus-host interaction. In BmNPV-infected B. mori larvae, 
the phosphatase activity of the PTP protein is not needed for the induction of hyperactivity 
(Katsuma et al. 2012). As deletion of the BmNPV ptp gene was shown to affect budded virus 
(BV) production in many different tissues including the larval brain, it was hypothesized that 
BmNPV PTP may exert its behavioural function as a structural component of the virus particles 
rather than as an enzyme. In contrast, in AcMNPV-infected S. exigua larvae the PTP 
phosphatase activity is required for induction of hyperactivity, since mutating the catalytic site 
of the encoded protein blocked induction of hyperactivity in S. exigua larvae, providing strong 
evidence that a host or viral protein is targeted by the enzymatic activity of the viral PTP to 
cause this behavioural change (van Houte et al. 2012). Another example of varying mechanisms 
can be seen in baculovirus-induced tree-top disease: both LdMNPV and AcMNPV can induce 
tree-top disease in their host; the egt gene from LdMNPV is involved in this behavioural change, 
while the egt gene from AcMNPV is not (Hoover et al. 2011; Ros et al. 2015). 
Alternatively, unrelated viruses might use the same proximate mechanism to induce a similar 
host behavioural change, representing a case of convergent evolution (Ponton et al. 2006; van 
Houte et al. 2013). For example, both LbFV and HzNV-2 are present in the female host 
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reproduction tract (of wasps and moths, respectively) and enhanced their transmission via 
affecting the reproduction behaviour of their host (Burand 2009; Varaldi et al. 2012). 
Behavioural changes following infection by viruses can be adaptive to the host or to the parasite, 
or simply be pathological side effects of the infection (Thomas et al. 2005; van Houte et 
al. 2013). However, in many examples it is hard to exactly identify costs and benefits for both 
the parasite and the host. For the behavioural changes to be adaptive to the parasites, two 
features are critical: strong manipulation of the host and high prevalence within the host 
population (Lafferty and Kruis 2012). Some baculoviruses have a high prevalence within their 
host and a strong ability to induce behaviour changes (tree-top disease and hyperactivity), at 
least in laboratory settings. However, whether manipulation leads to enhanced viral 
transmission in the field needs further support from experimental field data. Greater dispersal 
of infected larvae can be interpreted as spreading virus over larger areas, thus increasing viral 
transmission, but can also be interpreted as removing infected individuals from uninfected 
conspecifics, which would be adaptive to the host. Death at elevated positions combined with 
liquefaction of host cadavers may spread the virus over larger areas and on lower foliage. 
However, liquefaction at elevated positions can also decrease virus transmission, because 
baculoviruses will be inactivated more quickly by increased exposure to UV light. Therefore, 
death at lower positions might lead to a higher infection rate in the next generation (viral 
progeny are better protected from UV light at lower positions), though the within-generation 
transmission might be reduced (due to limited spread of the virus) (Hamblin and Tanaka 2013). 
Downward movement was seen for OpbuNPV-infected O. brumata (Raymond et al. 2005; see 
above), where occlusion bodies were better protected from light on stems than on foliage. 
An interesting question is to what extent laboratory studies can be used to study ecological 
scenarios. Behaviour is a complex phenotype, which not only relies on parameters of host and 
virus (such as genetic properties, physiological condition, virus dose and virulence), but may 
also depend on many environmental factors such as light, temperature, quality and availability 
of resources, and the presence of other parasites (de Bekker et al. 2014). Therefore, the 
environmental context should be taken into account when studying behavioural manipulation. 
Taking the baculovirus-induced behavioural changes as an example, it is known that 
behavioural changes like hyperactivity and tree-top disease are observed in nature 
(Goulson 1997; Hofmann 1891), but little is known to what extent environmental factors play 
a role in determining these phenotypes. However, it is known that the host plant species can 
affect insect susceptibility to baculoviruses and therefore, indirectly can affect insect host 
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behaviour (Cory and Hoover 2006). To be able to study the genetic basis of baculovirus-
induced behavioural changes in the laboratory, many environmental factors are usually 
standardized (see Figure 10.2 for a schematic view of a laboratory set-up used to measure 
hyperactivity and tree-top disease in lepidopteran larvae infected with baculoviruses). 
 
Figure 2. Laboratory settings used to study the genetic basis of baculovirus-induced behavioural 
changes in moth larvae (van Houte et al. 2014b; Ros et al. 2015; van Houte et al. 2012, 2014a). Larvae 
that were either mock infected or infected with wild type or mutant baculoviruses were used to study 
hyperactivity (a) or tree-top disease (b). (a) The system used for studying hyperactivity, consisting of a 
horizontal surface (arena) of 120 × 90 cm equipped with a digital video camera positioned at 200 cm 
above the surface. The camera is flanked by two photography studio lights of 40 W each. The 
temperature in the arena was 24.5 °C ± 0.7. To measure larval activity, individual larvae were placed in 
Hyperactivity 
Tree-top disease 
+
TL tube
A
B
120 cm
12
 c
m
Chapter 2 Virus-induced behavioural changes in insects 
35 
 
the arena and video-tracked for 10 min. The total distance moved within this timeframe was calculated 
using EthoVision tracking software (Noldus Information Technology, The Netherlands). (b) The system 
used for studying tree-top disease consisting of sterile glass jars (120 mm tall × 71 mm wide) lined with 
mesh wire to facilitate climbing. A block of artificial diet (approximately 3.5 cm3) was placed on the 
bottom of each jar, and jars were closed with a metal lid containing small holes to allow ventilation. 
When light was applied only from above, jar walls were protected from light using aluminium foil and 
jars were covered with a piece of transparent plastic wrap containing three holes for ventilation. Jars 
were incubated at 27 °C with 50 % relative humidity, and a 14 L: 10 D photoperiod. Vertical position 
of the larvae was monitored twice per day, starting from 1 day post-infection until all larvae were dead 
or had pupated. 
However, in nature, environmental conditions are constantly changing. An example is seen for 
LbFV infecting L. boulardi wasps. The distribution of LbFV, able to induce superparasitism 
in L. boulardi wasps is dependent on geographical location. The virus is highly prevalent in 
central populations of the L. boulardi distribution range, intermediately prevalent in marginal 
populations, and almost absent in newly established populations of L. boulardi (Patot et 
al. 2010). Though LbFV has a strong ability to induce superparasitism, few cases of 
superparasitism have been reported in newly established populations. However, in the central  
L. boulardi populations, superparasitism occurs more frequently, which might lead to high 
prevalence of the virus. It is predicted that superparasitism can complement imperfect vertical 
transmission of the virus (when the transmission rate is low) to maintain the virus at high 
frequencies (Gandon et al. 2006). Varaldi et al. (2012) even hypothesized that the 
superparasitism manipulation seen in the LbFV/L. boulardi system might be a common strategy 
among all parasitoid-associated viruses that infect the genital tract to maintain the virus in the 
host population. Without a certain level of horizontal transmission it is likely that the virus will 
die out eventually (assuming that vertical transmission never reaches 100 %). 
Host manipulation by parasites can affect the ecological characteristics of host species by 
changing host population size, host mating system, the ecological community structures or food 
web structures. These effects can be substantial when the infected host displays a completely 
new behaviour or occupies a new niche. For example, the hairworm Gordionus chinensis 
induces water seeking behaviour in crickets (Tachycines spp.). Since this manipulation can be 
highly prevalent, the cricket cadavers can provide up to 60 % of the energetic needs for the 
Kirikuchi charr (Salvelinus leucomaenis japonicas), a trout living in a local river in Japan (Sato 
et al. 2011). Even so, lepidopteran larvae infected with a baculovirus climb to the top parts of 
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the canopy, which makes them visible for birds and other predators. This potentially will spread 
the virus over long distances. Dispersal of viral occlusion bodies by birds has been shown 
for Panolis flammea (Pf) MNPV-infected larvae of the pine beauty moth (Entwistle et al. 1993). 
If increased visibility to predators is a common phenomenon among baculovirus-infected 
caterpillar hosts, the behavioural change of “tree-top disease” may lead to changes in the food 
web structure. 
Many insect hosts and vectors are of great medical, agricultural and environmental importance. 
Though the study of virus-induced behavioural manipulation is still in its infancy, this 
phenomenon has great potential in applied science, especially in the areas of pest management 
and vector control. As described above, altered behavioural traits, which can vary from slightly 
modified existing behavioural traits to completely new developed traits (van Houte et al. 2013), 
may have considerable impact on the insect population and on ecosystem dynamics. 
Understanding how viruses change insect behaviour may lead to broadly applicable strategies 
to modulate insect behaviour, facilitating regulation of insect population sizes and limiting virus 
transmission by vectors. This may be beneficial for agriculture, as well as human and veterinary 
health. 
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Table 1: Overview of viruses and the described changes in insect host or vector behaviour   1 
 Host/Vector 
insect order 
Insect species1 Virus name Abbreviated 
virus name 
Virus family Virus 
genome 
Virus 
morphology 
Insect behavioural 
change 
References 
In
se
ct
 a
s h
os
t (
in
se
ct
 v
ir
us
es
) 
Lepidoptera 
Bombyx mori Bombyx mori NPV2 BmNPV Baculoviridae  Circular 
dsDNA4 
Rod-shaped, 
enveloped 
Hyperactivity Kamita et al. 2005; 
Katsuma et al. 2012 
Lymantria dispar Lymantria dispar MNPV3  LdMNPV Baculoviridae  Circular 
dsDNA 
Rod-shaped, 
enveloped 
Pre-death climbing Hoover et al. 2011 
Lymantria monacha Unidentified baculovirus n.a. Baculoviridae Circular 
dsDNA 
Rod-shaped, 
enveloped 
Pre-death climbing Hofmann 1981 
Mamestra brassicae Mamestra brassicae 
MNPV 
MbMNPV Baculoviridae Circular 
dsDNA 
Rod-shaped, 
enveloped 
Hyperactivity, pre-death 
climbing 
Goulson 1997; 
Vasconcelos et al. 1996 
Operophtera 
brumata 
Operopthera brumata 
NPV 
OpbuNPV Baculoviridae Circular 
dsDNA 
Rod-shaped, 
enveloped 
Pre-death downward 
movement  
Raymond et al. 2005 
Spodoptera exigua Spodoptera exigua 
MNPV 
SeMNPV Baculoviridae  Circular 
dsDNA 
Rod-shaped, 
enveloped 
Pre-death climbing, 
positive phototaxis 
Van Houte et al. 2014b 
Spodoptera exigua 
Trichoplusia ni 
Autographa californica 
MNPV 
AcMNPV Baculoviridae  Circular 
dsDNA 
Rod-shaped, 
enveloped 
Pre-death climbing, 
hyperactivity 
Van Houte et al. 2012; 
2014a; Ros et al. 2015 
Helicoverpa zea Helicoverpa zea 
nudivirus 2 
HzNV-2 Nudiviridae Circular 
dsDNA 
Rod-shaped, 
enveloped 
Altered mating behaviour 
(prolonged calling 
behaviour) 
Burand et al. 2005; 2006 
Hymenoptera 
Leptopilina boulardi  Leptopilina boulardi 
filamentous virus 
LbFV unassigned dsDNA5 Filamentous, 
enveloped 
Superparasitism, reduced 
locomotor activity in 
females 
Varaldi et al. 2005; 2009; 
Patot et al. 2009 
Apis mellifera Deformed wing virus DWV Iflaviridae (+) 
ssRNA6 
Icosahedral, 
non-enveloped  
Learning disabilities, 
altered hygienic behaviour 
Iqbal and Mueller 2007 
Apis mellifera Kakugo virus KV Iflaviridae (+) 
ssRNA 
Icosahedral, 
non-enveloped 
Aggressive behaviour Fujiyuki et al. 2004; 
2005 
Apis mellifera Israeli acute paralysis 
virus 
IAPV Dicistroviridae (+) 
ssRNA 
Icosahedral, 
non-enveloped 
Learning disabilities, 
navigation problems 
Li et al. 2013 
Orthoptera 
Gryllus texensis Cricket strain of 
invertebrate iridescent 
virus 6 
IIV-6/CrIV Iridoviridae  Linear 
dsDNA 
Icosahedral, +/- 
enveloped 
Suppression of sickness 
behaviour 
Adamo et al. 2014 
Coleoptera 
Coleomegilla 
maculata 
Dinocampus coccinellae 
paralysis virus 
DcPV Iflaviridae (+) 
ssRNA 
Icosahedral, 
non-enveloped 
Paralysis and tremors10 Dheilly et al. 2015 
Phyllophaga 
vandinei 
Chilo iridescent virus 
strain of IIV-6 
IIV-6/CIV Iridoviridae Linear 
dsDNA 
Icosahedral, +/- 
envelope 
Reduced mating behaviour Jenkins et al. 2011 
Hemiptera 
Rhopalosiphum padi Aphid lethal paralysis 
virus  
ALPV Dicistroviridae (+) 
ssRNA 
Icosahedral, 
non-enveloped 
Orientation Williamson et al. 1988 
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 2 
1. Host/vector insect species for which behavioural changes have been described 3 
2. Nucleopolyhedrovirus (NPV)  4 
3. Multiple (M) NPV 5 
4. Double-stranded DNA (ds DNA) 6 
5. Positive single-stranded RNA: (+) ssRNA 7 
6. Virus unassigned to family, but data indicate dsDNA virus (Patot et al. 2009) 8 
7. Single-stranded DNA: ssDNA 9 
8. Ambisense single-stranded RNA: (+/-) ssRNA 10 
9. Negative single-stranded RNA: (-) ssRNA 11 
10. DcPV is a virus of the parasitoid D. coccinellae, that uses DcPV as a ‘biological weapon’ to manipulate the behaviour of the ladybeetle C. maculate (see text) 12 
 13 
Rhopalosiphum padi  Rhopalosiphum padi 
virus  
RhPV Dicistroviridae (+) 
ssRNA 
Icosahedral, 
non-enveloped 
Changes in aggregation 
behaviour 
Ban et al. 2008 
 
In
se
ct
 a
s v
ec
to
r 
(p
la
nt
 
vi
ru
se
s)
 
Rhopalosiphum padi  Barley yellow dwarf virus  BYDV Luteoviridae (+) 
ssRNA 
Icosahedral, 
non-enveloped 
Changes in plant 
preference 
Ingwell et al. 2012 
Myzus persicae Potato leaf roll virus PLRV Luteoviridae (+) 
ssRNA 
Icosahedral, 
non-enveloped 
Changes in plant 
preference 
Rajabaskar et al. 2014 
Bemisia tabaci Tomato yellow leaf curl 
virus 
TYLCV Geminiviridae circular 
ssDNA7   
Icosahedral,  
non-enveloped 
Change host feeding 
behaviour 
Moreno-Delafuente et al. 
2013 
Thysanoptera 
Franklinella 
occidentalis 
Tomato spotted wilt virus TSWV Bunyaviridae  (+/-) 
ssRNA8 
Spherical, 
enveloped 
Increased feeding rate  Stafford et al. 2011 
 
In
se
ct
 a
s v
ec
to
r 
 
(v
er
te
br
at
e 
vi
ru
se
s)
 
Diptera 
Aedes aegypti Dengue virus DENV Flaviviridae (+) 
ssRNA 
Spherical, 
enveloped 
Prolonged feeding times, 
increased locomotor 
activity 
Platt et al. 1997; Lima-
Camara et al. 2011 
Aedes triseriatus La Crosse virus LACV Bunyaviridae (+/-) 
ssRNA 
Spherical, 
enveloped 
Increased re-feeding rate, 
mating at earlier age  
Grimstad et al. 1980; 
Jackson et al. 2012; 
Reese et al. 2009 
Culex pipiens Rift Valley fever virus RVFV Bunyaviridae (+/-) 
ssRNA 
Spherical, 
enveloped 
Decreased feeding success Turell et al. 1985 
Culicoides 
sonorensis 
Vesicular stomatitis virus VSV Rhabdoviridae (-) 
ssRNA9 
Bullet-shaped, 
enveloped 
Reduced feeding rates Bennett et al. 2008 
Culex tarsalis Western equine 
encephalomyelitis virus 
WEEV Togaviridae (+) 
ssRNA 
Spherical, 
enveloped 
Decreased flight activity Lee et al. 2000 
 
 39 
 
 
 
Chapter 
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Parasitic manipulation of host behaviour: Baculovirus  
SeMNPV EGT facilitates tree-top disease in Spodoptera  
exigua larvae by extending the time to death 
 
 
This chapter has been published as  
Han Y, van Houte S, Drees GF, van Oers MM and Ros VID, 2015. Parasitic manipulation of 
host behavior: baculovirus SeMNPV EGT facilitates tree-top disease in Spodoptera exigua 
larvae by extending the time to death. Insects 6, 716–731.
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Abstract 
Many parasites enhance their dispersal and transmission by manipulating host behaviour. One 
intriguing example concerns baculoviruses that induce hyperactivity and tree-top disease (i.e., 
climbing to elevated positions prior to death) in their caterpillar hosts. Little is known about the 
underlying mechanisms of such parasite-induced behavioural changes. Here, we studied the 
role of the ecdysteroid UDP-glucosyltransferase (egt) gene of Spodoptera exigua multiple 
nucleopolyhedrovirus (SeMNPV) in tree-top disease in S. exigua larvae. Larvae infected with 
a mutant virus lacking the egt gene exhibited a shorter time to death and died before the 
induction of tree-top disease. Moreover, deletion of either the open reading frame or the ATG 
start codon of the egt gene prevented tree-top disease, indicating that the EGT protein is 
involved in this process. We hypothesize that SeMNPV EGT facilitates tree-top disease in S. 
exigua larvae by prolonging the larval time to death. Additionally, we discuss the role of egt in 
baculovirus-induced tree-top disease.
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Introduction 
A wide range of parasites are able to modify the behaviour of their hosts upon infection.  
Intriguing examples include the suicidal behaviour of the cricket Nemobius sylvestris when 
parasitized by the hairworm Paragordius tricuspidatus (Thomas et al., 2002) and the long-time 
hypokinetic stage of the cockroach Periplaneta americana when stung by the parasitoid jewel 
wasp Ampulex compressa (Kaiser and Libersat, 2015). Many parasite-induced behavioural 
changes are thought to enhance parasite reproduction, transmission and/or survival (Biron and 
Loxdale, 2013; Hughes, 2013; van Houte et al., 2013). Baculoviruses are large, double-stranded 
DNA viruses that induce behavioural changes in caterpillars. Infected host caterpillars show 
hyperactivity, which may spread viral progeny over larger areas (Goulson, 1997; Kamita et al., 
2005; van Houte et al., 2012). Additionally, infected larvae present atypical climbing behaviour 
prior to death, leading to their migration to the top of plants. This pre-death climbing behaviour 
is described as “Wipfelkrankheit” or “tree-top disease” (Goulson, 1997; Hoover et al., 2011; 
Ros et al., 2015). The resulting increased visibility of infected insects to predators may enhance 
long-distance virus dispersal (Vasconcelos et al., 1996) and the final liquefaction of larval 
cadavers at elevated positions promotes virus dissemination over the foliage (Goulson, 1997). 
Unravelling the underlying molecular mechanisms that drive baculovirus-induced host 
behavioural changes is the main focus of several recent studies. A significant study by Kamita 
et al. (2005) showed that the protein tyrosine phosphatase (ptp) gene from the baculovirus 
Bombyx mori nucleopolyhedrovirus (BmNPV) is involved in inducing hyperactivity in B. mori 
silkworms. Similarly, the Autographa californica multiple nucleopolyhedrovirus (AcMNPV) 
ptp gene is required for induction of hyperactivity in Spodoptera exigua caterpillars (van Houte 
et al., 2012). Because both BmNPV and AcMNPV belong to the same taxon of baculoviruses 
(the Group I NPVs in the genus Alphabaculovirus), it is hypothesized that ptp-induced 
hyperactivity is a conserved strategy among Group I NPVs to enhance virus transmission 
(Hoover et al., 2011). Another study by Hoover et al. (2011) showed that the ecdysteroid uridine 
5'-diphosphate (UDP)-glucosyltransferase (egt) gene from Lymantria dispar MNPV (LdMNPV) 
is required for triggering tree-top disease in gypsy moth larvae. However, it seems that the role 
of the egt gene in inducing tree-top disease varies between virus-host combinations. Unlike the 
egt gene from LdMNPV, the egt gene from AcMNPV is not needed for inducing tree-top 
disease in S. exigua and Trichoplusia ni larvae: when the egt gene was deleted from the 
AcMNPV genome, infected larvae still died at elevated positions (Ros et al., 2015). In addition, 
the egt gene seems not to be involved in the induction of hyperactivity: hyperactivity is still 
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triggered in egt-negative BmNPV-infected B. mori larvae (Katsuma and Shimada, 2015). On 
the other hand, the AcMNPV ptp gene is not involved in inducing tree-top disease in S. exigua 
larvae (van Houte et al., 2014a). Therefore, AcMNPV-induced hyperactivity andtree-top 
disease are mediated by different mechanisms. Whether the baculovirus ptp2 gene (van Houte 
et al., 2012), which is distantly related to the AcMNPV ptp gene, has a role in behavioural 
manipulation is not known. 
During baculovirus infection, the encoded EGT enzyme inactivates the insect moulting 
hormone 20-hydroxyecdysone (20E) via the addition of a UDP-sugar group (either UDP-
glucose or UDP-galactose) (O'Reilly, 1995; O'Reilly and Miller, 1989). Due to the inactivation 
of the moulting hormone 20E, larval moulting is inhibited and infected larvae continue to eat. 
Finally, this may lead to a higher yield of viral progeny (O'Reilly and Miller, 1991). For several 
virus-host combinations, EGT has also been reported to extend the time to death of infected 
larvae. For example, 4th and 5th instars of Spodoptera frugiperda infected with wild-type (WT) 
AcMNPV survived longer than larvae infected with a mutant AcMNPV lacking the egt gene 
(O'Reilly and Miller, 1991). However, many other host and virus factors also have an effect 
from the egt gene on host time to death (Cory et al., 2004; Ros et al., 2015). In another study 
involving S. exigua and T. ni larvae (3rd instars) the AcMNPV egt gene did not prolong the 
time to death, since larvae infected with WT AcMNPV or with an egt-deletion mutant did not 
differ significantly in the time to death (Bianchi et al., 2000; Ros et al., 2015). 
The beet armyworm S. exigua is a polyphagous pest insect distributed worldwide. S. exigua 
MNPV (SeMNPV) is a specialist baculovirus that is highly infectious to its only host, S. exigua 
(Smits et al., 1987). A recent study by van Houte et al. (2011) showed that SeMNPV induced 
tree-top disease in S. exigua larvae. The induced tree-top disease was light-dependent as was 
shown in an experimental set-up: In glass jars containing mesh wire, infected larvae moved 
towards light prior to death. Larvae died at elevated positions (top parts in the jar) when light 
was applied from above, while larvae died at low positions (bottom of the jar) when light was 
applied from below. The vertical position of uninfected larvae was not light-dependent, since 
movement patterns of uninfected larvae in light and dark conditions were similar (Hoover et al., 
2011). 
In the current study, the role of the egt gene in SeMNPV-induced tree-top disease was analyzed. 
Virus-infected larvae were placed individually in the jars and the vertical positions of these 
larvae were monitored twice a day until they died. We show that WT-infected S. exigua larvae 
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climbed up prior to death and died at elevated positions, while larvae infected with an SeMNPV 
mutant lacking the egt gene did not climb up prior to death. Moreover, we show that this 
difference can be explained by an earlier death of larvae infected with the egt-negative virus. 
These larvae succumb to the virus infection prior to the onset of climbing to elevated positions 
in WT-infected larvae. Therefore we hypothesize that in this virus-host system, EGT facilitates 
tree-top disease by prolonging the time to death. 
 
Experimental Section 
Insect larvae 
Spodoptera exigua larvae were reared on artificial diet at 27 °C with 50% relative humidity as 
described before (Smits et al., 1986), using a 14 h light/10 h dark photoperiod (7:00 lights on, 
21:00 lights off). 
SeMNPV virus strains and generation of recombinant bacmids 
In this study, two SeMNPV WT viruses were used: a naturally occurring strain (SeMNPV G25, 
referred to as G25 WT) (Murillo et al., 2006) and viruses produced from the SeMNPV US1 
strain-derived bacmid (see below; referred to as SeBac10 WT) (Pijlman et al., 2002). The 
SeBac10 WT bacmid was used to construct two SeMNPV mutants with deletions in the egt 
gene (Figure 1). The first mutant had a deletion of the major part of the egt open reading frame 
(ORF), ranging from nucleotide 40 to 1572 (Δegt-ORF), while in the second mutant only the 
start codon of the egt ORF was deleted (Δegt-ATG). Mutants were created following the 
protocol described by Ros et al. (2015), using primers 1 to 4 for the homologous recombination 
(Supplementary Table S1). The followed procedure first led to the replacement of the egt ORF 
or start codon by a chloramphenicol resistance gene (cat) flanked by modified loxP sites. 
Subsequently, the cat gene was removed by Cre-recombinase, leaving an inserted segment of 
162 bp containing the recombined loxP site (Ros et al., 2015; Suzuki et al., 2005) (Figure 1). 
The deletion of the cat gene from both constructs was checked by PCR using primers 5 and 6 
(for ∆egt-ORF) or 7 and 8 (for Δegt-ATG) (Supplementary Table S1).  
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Figure 1. Overview of the recombinant bacmids used in this study. Two SeMNPV WT  
(G25 WT and SeBac10 WT) viruses were used: G25 WT is a naturally occurring strain and SeBac10 
WT is a bacmid derived from the SeMNPV US1 strain. Using the SeBac10 WT bacmid, two SeMNPV 
mutants (Δegt-ORF and Δegt-ATG) were made: in Δegt-ORF,  
a major part of the egt ORF was replaced by a fragment containing a mutant loxP site (used to create 
the deletion); in Δegt-ATG, only the start codon was replaced by the fragment with the loxP site. An 
egt-repair bacmid was also constructed. For all bacmid-derived viruses (which lack the original 
polyhedrin gene), the Se-polh gene and a gentamicin resistance gene (Gm R) were inserted into the 
genomes between the left and right insertion sites, indicated as Tn7L and Tn7R, present in the bacmid. 
Positions of neighbouring genes (ptp2: protein tyrosine phosphatase 2 and ORF28) of egt are indicated. 
After deletion of the target segments, the resulting bacmids were purified and used to transform 
E. coli DH10ΔTn7 cells carrying the transposition helper plasmid pMON7124 (Luckow et al., 
1993) (derived from E. coli DH10Bac ΔTn7 (Airenne et al., 2003) by removing the original 
bacmid). To enable oral infection of S. exigua larvae, the SeMNPV polyhedrin (polh) promoter 
and ORF were re-introduced into the SeBac10 WT (which lacks the polh gene), Δegt-ORF and 
Δegt-ATG genomes using the Bac-to-Bac transposition protocol (Luckow et al., 1993). To this 
aim, a modified pFastBacDual vector (pFBD-Sepolh-Δp10) was used as the donor vector. To 
generate this vector, the pFastBacDual vector (Invitrogen, Bleiswijk, the Netherlands) was first 
modified as described before by inserting the AcMNPV polh ORF downstream of the AcMNPV 
polh promoter and removing the p10 promoter (Peng et al., 2010). Subsequently, the AcMNPV 
polh promoter and ORF were replaced by the SeMNPV polh promoter and ORF (corresponding 
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to nucleotides 135474 to 776 of the SeMNPV genome (IJkel et al., 1999)) using the XhoI and 
PstI restriction sites in the multiple cloning site. 
To ensure that a possible phenotype of the Δegt viruses was not due to any other genome 
mutations, a repair virus (egt-repair) was constructed, using the Δegt-ORF bacmid as a 
backbone (Figure 1). For the construction, a fragment corresponding to nucleotide 26091 to 
28544 of the SeMNPV genome and covering the entire egt ORF was amplified with Phusion 
polymerase (Finnzymes, Fisher Scientific, Landsmeer, the Netherlands) using primers 9 and 10 
(Supplementary Table S1). Purified PCR products (100 ng/µL) were mixed with Δegt-ORF 
bacmid DNA (500 ng/µL) and Lipofectin transfection reagent (Invitrogen) in a 1:1:1 volume 
ratio and incubated at room temperature for 15 min. The mixture was used to inject 4th instars 
of S. exigua to facilitate generation of the egt gene repair virus via homologous recombination. 
To this end, each larva was injected with 10 µL of the mixture using a Humapen Luxura insulin 
injection pen (Lilly, Houten, the Netherlands) and placed in a 12-well plate with a piece of 
artificial diet. The larvae were incubated at 27 °C until the larvae had liquefied. Viral occlusion 
bodies (OBs) were purified from the cadavers and viral DNA was extracted as described before 
(Simón et al., 2008). Extracted viral DNA was used to transform E. coli cells and primers 5 and 
6 (Supplementary Table S1) were used to screen the E. coli colonies for the presence of the 
correct repair bacmid via PCR. 
Generation, amplification and purification of viruses 
Bacmid DNA was isolated from E. coli DH10ΔTn7 cells carrying the various bacmids 
(SeBac10 WT, Δegt-ORF, Δegt-ATG or egt-repair) using the PureLinK HiPure Plasmid 
Midiprep Kit (Invitrogen). Bacmid DNA (500 ng/µL) and Lipofectin transfection reagent 
(Invitrogen) were mixed in a 2:1 volume ratio. The mixture was incubated at room temperature 
for 15 min and used to inject 4th instars as described above. After injection, larvae were placed 
in a 12-well plate with a piece of artificial diet and incubated at 27 °C until the larvae liquefied. 
Liquefied larvae were ground and mixed with 10% sucrose solution containing 0.4% (w/v) 
Patent Blue V Sodium salt colouring dye (Sigma-Aldrich, Zwijndrecht, the Netherlands). To 
amplify the obtained viruses, the sucrose-virus suspension was used to orally infect 3rd and 4th 
instars of S. exigua using droplet feeding as described before [6]. After liquefaction, larvae were 
ground in water and filtered through a double layer of cheese cloth. The suspension was 
centrifuged at 500× g for 5 min to remove larval debris, after which the supernatant was 
centrifuged at 4000× g for 30 min to pellet the viral occlusion bodies (OBs). Finally, the OBs 
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were resuspended in water and stored at 4 °C. The concentration of OBs was counted using a 
Bürker-Türk haemocytometer (Marienfeld, Lauda-Königshofen, Germany). 
Infectivity assays 
Infectivity assays were performed to determine the infectivity for each virus, as described in 
Ros et al (2015). Late 2nd instars of S. exigua were starved overnight for 16 h and allowed to 
moult during starvation. Newly moulted 3rd instars were selected and infected using droplet 
feeding as described in van Houte et al. (2012). Five viruses (G25 WT, SeBac10 WT, ∆egt-
ORF, ∆egt-ATG, egt-repair) were used to infect larvae and five different concentrations (6-fold 
dilutions: 1.0 × 103, 6.0 × 103, 3.6 × 104, 2.0 × 105 and 1.3 × 106 OBs/mL) were used for each 
virus (the dilutions were freshly prepared from a virus stock for each virus on the day of 
infection). For each virus concentration, 24–36 larvae were infected. Mock-infected larvae, 
which were droplet fed with a virus-free sucrose solution, were used as controls. Starting from 
two days post infection (dpi), larvae were scored for mortality until all larvae had died or had 
pupated. The assays were performed three times as three independent replicates. Data were 
analyzed using a logistic regression analysis in the program R v3.0.0 [10]. Treatment was used 
as a fixed effect and the model followed a binomial distribution. In addition, the 50% lethal 
concentration (LC50) values were obtained using a logistic regression analysis in the program 
PoloPlus v1.0 (LeOra Software, 2002) (Robertson et al., 2007). 
Mortality assays 
Mortality assays were performed to determine the effect of each virus (G25 WT, SeBac10 WT, 
∆egt-ORF, ∆egt-ATG, egt-repair) on the time to death of the infected larvae. 3rd instars of S. 
exigua were infected with a viral concentration of 106 OBs/mL (known to kill at least 90% of 
infected larvae, the same concentration as used in the behavioural assays below), using droplet 
feeding as described above (van Houte et al., 2012). Mock-infected larvae were used as controls. 
Infected larvae were checked twice per day until they had died or had pupated (mock). For each 
virus, 36 larvae were infected and assays were performed three times as three independent 
replicates. The effects of the factors (treatment and experiment) on time to death were analyzed 
using Cox’s proportional hazards model in the program R, as described in Ros et al. (2015). 
Since almost all larvae died as 3rd instars (or while moulting from 3rd to 4th instar), larval stage 
was not included as a factor in the model. In addition, mean time-to-death (MTD) values were 
calculated in R. 
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Behavioural assays to measure tree-top disease 
Two behavioural assays, each with a different set of viruses, were done and each assay was 
performed twice as two independent replicates. In the first assay, larvae infected with the 
viruses G25 WT, SeBac10 WT, ∆egt-ORF or egt-repair were compared to investigate whether 
the egt gene plays a role in tree-top disease in S. exigua larvae. In the second assay, larvae 
infected with the viruses SeBac10 WT, ∆egt-ORF or ∆egt-ATG were compared to determine 
whether the EGT protein is required for tree-top disease. For all assays, newly moulted 3rd 
instars of S. exigua were infected with either a virus or a mock solution (containing no virus), 
using droplet feeding as described before (van Houte et al., 2012). For all viruses, a 
concentration of 106 OBs/mL was used, a concentration known to kill at least 90% of infected 
larvae. For each assay, 30–40 larvae were infected (10 for the mock). Infected larvae were 
placed individually in glass jars (120 mm high and 71 mm in diameter) which were covered 
with a piece of transparent plastic Saran wrap (Supplementary Figure S4). Sterile mesh wire 
was placed in the jars to facilitate climbing and a piece of artificial food was placed at the 
bottom of the jars. Jar walls were protected from light using aluminum foil. Light was provided 
from above using three luminescent tube lamps of 18 Watts each placed at a 30 cm distance 
above the jars. Jars were placed at 27 °C with 50% relative humidity and a 14:10 LD 
photoperiod (7:00 lights on, 21:00 lights off). The vertical position of the larvae (highest point 
of the larval body) in the jars was monitored twice a day (mainly at 8:00–10:00 and 20:00–
22:00, for the exact time points see graphs) from one dpi until all larvae had died or pupated. 
Larvae that did not die due to viral infection were excluded from the data analyses. 
The position at death was analyzed using a linear regression model (lm) in the program  
R. Treatment (G25 WT, SeBac10 WT, Δegt-ORF, Δegt-AGT and egt-repair) and experiment  
(two replicates) were used as explanatory factors and it was determined whether these factors 
affected the positions at death. Since almost all larvae died as 3rd instars (or while moulting 
from 3rd to 4th instar), larval stage was not included as a factor. 
RNA extraction and RT-PCR 
Newly moulted 3rd instars S. exigua were infected by droplet feeding with a viral concentration 
of 106 OBs/mL (G25 WT, SeBac10 WT, ∆egt-ORF, ∆egt-ATG and egt-repair virus) as 
described before (van Houte et al., 2012). Mock-infected larvae were used as controls. At two 
dpi single larvae were homogenized in 250 µL Trizol reagent (Invitrogen) and total RNA was 
isolated following the manufacturer’s instructions. The RNA pellet was dissolved in 50 µL 
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water and heated for 10 min at 55 °C. Any contaminating DNA was removed with the DNAfree 
kit (Applied Biosystems, Life Technologies, Bleiswijk, the Netherlands). cDNA was produced 
using SuperScript III Reverse Transcriptase (Invitrogen) following the company’s protocol. 
RT-PCR was performed, using primer pairs to amplify (A) a 468 bp sequence within the 
SeMNPV egt gene to check for the deletion of part of the egt ORF (primers 15 and 16, 
Supplementary Table S1), (B) a 899 bp sequence containing the egt start codon to check for the 
correct deletion of the start codon (forward primer annealed 6 to 27 bp upstream of the egt start 
codon, reverse primer annealed within the egt ORF) (primers 9 and 16, Supplementary Table 
S1), (C) a 492 bp sequence within the SeMNPV ie1 ORF to check for a successful virus 
infection (primers 13 and 14, Supplementary Table S1), and (D) a 486 bp sequence within the 
S. exigua host translation initiation factor eIF5A ORF (Van Oers et al., 1999) to check for 
successful RNA extraction and cDNA production for all larvae (primers 11 and 12, 
Supplementary Table S1). For each sample, a control sample was run in which the RT step was 
omitted (non-RT) to check for any DNA contamination. In addition, for each PCR a negative 
control with only water as template was processed. 
 
Results 
Viral infectivity of the generated mutants 
To study whether deletion of the viral egt gene or of the egt start codon from the SeMNPV 
genome affected viral infectivity, we performed a logistic regression on the mortality data 
obtained after infection of S. exigua 3rd instars with G25 WT, SeBac10 WT, ∆egt-ORF, ∆egt-
ATG or egt-repair viruses, for each replicate separately. For each virus, an odds ratio (relative 
potency) was determined: the ratio of infectivity of the respective virus compared to the G25 
WT virus. In the first replicate, the infectivity of the WT virus differed from the infectivity of 
the mutant viruses (∆egt-ORF, ∆egt-ATG) and the egt-repair virus (judged by a lack of overlap 
of 95% confidence interval of the odds ratio and p < 0.001; Supplementary Table S2), with the 
mutant and repair viruses being more virulent than the WT virus (Supplementary Table S2). 
However, this difference was absent in the other two replicates (odds ratios were not 
significantly different; Supplementary Table S2). In the second replicate, the repair was slightly 
more virulent than the G25 WT virus (Supplementary Table S2), but this effect was absent in 
the other two replicates. The LC50 value for each of the viruses is given in Supplementary Table 
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S3. We chose to use a high virus concentration (killing at least 90% of all larvae) for infections 
in the behavioural assays, which came down to a concentration of 106 OBs/mL for each virus. 
The SeMNPV egt gene extends the time to death of S. exigua larvae 
We investigated whether removal of the viral egt gene or of the egt start codon affected the time 
to death for 3rd instars of S. exigua, using a survival analysis. The model used (Cox’s 
proportional hazards model) determines a mortality rate (hazard rate, rate at which larvae died) 
for the different values of the factors (treatment and experiment). The mortality rate was 
significantly affected by the treatment. The mortality rate for larvae infected with the mutant 
viruses was 2.04 (∆egt-ORF, z = 5.00, p < 0.001) and 1.40 (∆egt-ATG, z = 2.41; p = 0.016) 
times higher than for G25 WT-infected larvae. Similar ratios were found when compared to 
SeBac10 WT (1.90 for ∆egt-ORF, z = 4.52, p < 0.001 and 1.31 for ∆egt-ATG, z = 1.95, p = 
0.052) or to egt-repair (2.37 for ∆egt-ORF, z = 5.97, p < 0.001 and 1.63 for ∆egt-ATG, z = 3.46, 
p < 0.001). This is reflected in higher mean time to death (MTD) values for the G25 WT (73.84 
h), SeBac10 WT (73.51 h) and egt-repair (76.48 h) viruses compared with the ∆egt-ORF (64.56 
h) and ∆egt-ATG (68.95 h) viruses (Supplementary Table S3). There was no significant 
difference between the three replicates. 
Deletion of the egt gene prevents SeMNPV-induced tree-top disease 
To investigate the role of the SeMNPV egt gene in SeMNPV-induced tree-top disease, a 
behavioural assay was performed using 3rd instars of S. exigua infected with G25 WT, SeBac10 
WT, Δegt-ORF or egt-repair viruses. Both SeMNPV WT strains (G25 WT and SeBac10 WT) 
induced tree-top disease in S. exigua larvae. Infected larvae stayed at low positions until 52 h 
post infection (hpi) and from this time point on, larvae climbed up and finally died at elevated 
positions (Figure 2A,B and Supplementary Figure S2A,2B). When the egt ORF was deleted, 
infected larvae died at low positions (Figure 2C and Supplementary Figure S2C, black lines) 
(Δegt-ORF (n = 52) versus G25 WT (n =54) and SeBac10 WT (n = 56); T-test = 3.859 and 
4.815, respectively; d.f. = 216; p < 0.001 for both comparisons). The Δegt-ORF mutant-infected 
larvae died earlier (from 43 hpi) than both WT-infected larvae (from 67 hpi), and in fact almost 
all were dead before the time point (52 hpi) at which WT-infected larvae started their upwards 
movement. Reintroducing the egt gene into the Δegt-ORF genome (egt-repair) restored the WT 
phenotype, with egt-repair-infected larvae dying at similar positions (egt-repair  
(n = 59) versus G25 WT and SeBac10 WT; T-test = −0.168 and 0.764, respectively; d.f. = 216; 
p = 0.853 and 0.446, respectively) and at a similar time point as the WT-infected larvae (from 
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67 hpi onwards) (Figure 2D and Supplementary Figure S2D, grey lines). Mock-infected larvae 
stayed at low positions throughout the experiment (Figure 2E and Supplementary Figure S2E). 
No significant differences were found between the two replicate experiments (T-test = −0.012; 
d.f. = 216; p = 0.990). 
The EGT protein but not the egt transcript is involved in this process 
Deletion of the egt ORF may only affect EGT protein synthesis, but it may additionally affect 
neighbouring gene functioning. Moreover, a precursor miRNA encoding sequence has been 
predicted within the egt ORF from position nt 28046 to 28136 (database: Vir-Mir) (Li et al., 
2007). A viral miRNA could play a role in the pathology of the virus or may regulate host 
physiology. We therefore created a mutant virus lacking only the egt start codon, but still 
containing the rest of the ORF, including the predicted precursor miRNA sequence. This 
allowed us to investigate whether the complete ORF deletion is needed for the observed 
differences in larval behaviour or whether this is also achieved when only the start codon is 
absent. In the Δegt-ATG mutant, the ATG start codon was replaced by an insert of 162 bp 
including the mutant loxP site (see Materials and Methods). This insert still allowed the egt 
transcript to be formed (as confirmed in Figure 4B), while translation of the EGT protein was 
inhibited. The next in-frame ATG codon is 223 bp downstream of the deleted ATG. In the 
unlikely event that the next in-frame ATG would be used, 75 amino acids (aa) from the N-
terminal end of the EGT protein would be removed (the egt gene is 524 aa in size, removal of 
75 aa would be a considerable truncation of the functional protein). If the behavioural changes 
are observed for both mutants (Δegt-ORF and Δegt-ATG), it is likely that the encoded EGT 
protein is involved. If changes are only observed for larvae infected with the Δegt-ORF mutant, 
but not for larvae infected with the Δegt-ATG mutant, there might be a role for the transcript, 
the encoded miRNA or even for side-effects on neighbouring genes. 
Larvae infected with SeBac10 WT, Δegt-ORF and Δegt-ATG were compared. SeBac10 WT-
infected larvae stayed at low positions until 56 hpi (Figure 3A and Supplementary Figure S3A). 
They displayed climbing behaviour prior to death and finally died at elevated positions. Larvae 
infected with Δegt-ORF or Δegt-ATG virus (Figure 3B,3C and Supplementary Figure S3B,S3C, 
black lines) did not climb up prior to death and died at low positions (SeBac10 WT (n = 66) 
versus Δegt-ORF (n = 53) and Δegt-ATG (n = 57); T-test = −7.109 and −7.020, respectively; 
d.f. = 172; p < 0.001 for both comparisons). These mutant-infected larvae died earlier (from 32 
hpi onwards) than WT-infected larvae (from 56 hpi onwards). Because Δegt-ORF and Δegt-
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ATG virus-infected larvae behaved similarly, we conclude that the EGT protein is required for 
tree-top disease. 
 
Figure 2. The effect of the deletion of the egt ORF on SeMNPV-induced tree-top disease in S. exigua 
larvae. Percentage surviving larvae (grey line) and height (mm) of larvae or cadavers (black line) were 
recorded at different time points after infection for 3rd instar S. exigua larvae infected with G25 WT (A, 
n = 25), SeBac10 WT (B, n = 27), Δegt-ORF (C, n = 24), egt-repair (D, n = 29) or mock (E, n = 10). 
Error bars represent the standard error of the mean (SEM). 
 
Chapter 3  SeMNPV EGT facilitates tree-top disease in Spodoptera exigua larvae  
52 
 
 
Figure 3. The effect of the deletion of the egt start codon on SeMNPV-induced tree-top disease in S. 
exigua larvae. Percentage surviving larvae (grey line) and height (mm) of larvae or cadavers (black line) 
were recorded at different time points after infection for 3rd instar S. exigua larvae infected with 
SeBac10 WT (A, n = 38), Δegt-ORF (B, n = 27), Δegt-ATG (C, n = 27) or mock (D, n = 10). Error bars 
represent the standard error of the mean (SEM). 
To confirm the expression of egt in WT- (G25 WT, SeBac10 WT), repair- (egt-repair) and  
Δegt-ATG-infected larvae, and to confirm the absence of egt expression in ∆egt-ORF-infected 
larvae, an RT-PCR amplification was performed on total RNA extracted from mock- and virus-
infected single whole larvae at two dpi (Figures 1 and 4). As expected, egt-specific mRNA was 
detected using primers annealing within the egt ORF (primers 15 and 16, Supplementary Table 
S1) in larvae infected with G25 WT, SeBac10 WT, ∆egt-ATG and egt repair viruses (Figure 
4A; lanes 2–3 and 5–6), but was absent in mock- and ∆egt-ORF-infected larvae (Figure 4A, 
lanes 1 and 4). With primers annealing to the 5' upstream region of the egt ORF and to the 3' 
end of the egt ORF (primers 9 and 16, Supplementary Table S1) it was shown that the ATG 
start codon of the egt gene was replaced by an insert of 162 bp including the mutant loxP site 
in the ∆egt-ATG mutant, resulting in a slightly larger product (Figure 4B, lane 5) than for the 
WT and repair constructs (lanes 2–3 and 6). As expected, no product was seen for mock- and 
∆egt-ORF-infected larvae (Figure 4B, lanes 1 and 4). An RT-PCR on the SeMNPV ie1 
transcript was used as a control for virus infection and showed that the ie1 gene was indeed 
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expressed in all virus-infected individuals, but not in the mock-infected larvae (Figure 4C). The 
host S. exigua eIF5A gene was expressed in all mock- and virus-infected larvae (Figure 4D), 
confirming successful RNA isolation and cDNA production. 
 
 
Figure 4. RT-PCR analysis of Spodoptera exigua larvae infected with WT, mutant and repair viruses. 
Larvae were mock-infected (1) or infected with G25 WT (2), SeBac10 WT (3), Δegt-ORF (4), Δegt-
ATG (5) or egt-repair (6) viruses and processed for RT-PCR analysis at two dpi. For each PCR a water 
control (7) was included. The presence or absence of SeMNPV egt gene transcripts was checked by RT-
PCR (upper panels), using two different primer pairs, one pair annealing within the egt ORF (A) and 
the second pair annealing to the 5' upstream region of egt and within the egt ORF (B). Expression of the 
SeMNPV ie1 gene (C) was used as infection control and expression of the S. exigua eIF5A gene  
(D) was used as cDNA quality control. For each RT sample, a duplo sample without RT step (non-RT) 
was performed in parallel (lower panels). The 2-Log DNA Ladder (0.1–10.0 kb, New England BioLabs 
Inc., Leiden, the Netherlands) was used in the agarose gel to estimate PCR fragment sizes. 
 
Discussion 
Manipulation of host behaviour is a common strategy among parasites to enhance their survival 
and/or transmission (Biron and Loxdale, 2013; Hughes, 2013; van Houte et al., 2012). The 
underlying mechanisms of various examples of parasitic manipulation are now starting to be 
unraveled. It has been reported for more than a century that baculoviruses can induce tree-top 
disease in their lepidopteran hosts (Goulson, 1997; van Houte et al., 2013), but it was only in 
2011 that the egt gene from LdMNPV was reported to be involved in this process in L. dispar 
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larvae (Hoover et al., 2011). A recent study showed that the specialist baculovirus SeMNPV 
induces light-dependent tree-top disease in S. exigua larvae (van Houte et al., 2014b). The role 
of the SeMNPV egt gene in this process was, however, still unknown. In this study, we showed 
that the SeMNPV egt gene is required for the induction of tree-top disease in 3rd instars of S. 
exigua. Furthermore, we observed in our studies that the absence of tree-top disease in larvae 
infected with the egt-mutant viruses is a consequence of the fact that these larvae died earlier 
than WT-infected larvae, prior to the onset of the pre-death climbing behaviour. 
Our study reveals that in SeMNPV-infected S. exigua larvae, EGT facilitates tree-top disease 
via prolonging the larval time to death. SeMNPV EGT extended the time to death of infected 
larvae, and in that extended life time the WT-infected caterpillars moved upwards, while the 
larvae infected with egt-mutants had already succumbed to virus infection. Previously, we 
showed that SeMNPV-induced tree-top disease is light-dependent and suggested that the virus 
might induce climbing by making use of host pathways involved in phototaxis and/or light 
perception (van Houte et al., 2014b). Whether SeMNPV EGT plays a further role in the 
induction of the light-dependent tree-top disease in S. exigua larvae remains undetermined. 
EGT has been reported to extend the host’s life span in several virus-host systems, although in 
some systems no effect, or even a reduced time to death has been found (Cory et al., 2004; 
Katsuma and Shimada, 2015; Ros et al., 2015). Apparently, a variety of factors, including the 
virus-host interaction studied, the timing of infection, the developmental stage of the larvae and 
the viral concentration used, may have effects on the influence of the egt gene on host time to 
death (Cory et al., 2004; Katsuma and Shimada, 2015; Ros et al., 2015). 
Strikingly, in AcMNPV-infected S. exigua larvae, tree-top disease appeared to be moulting-
dependent: only larvae that moulted during the course of infection climbed up and died at 
elevated positions (Ros et al., 2015). Those larvae that did not undergo moulting died at low 
positions. This observation appears to be specifically induced by AcMNPV in S. exigua larvae, 
since it was not observed in the current study with SeMNPV-infected S. exigua larvae and also 
not with AcMNPV in T.ni larvae (Ros et al., 2015). Here, most larvae died as 3rd instar or while 
moulting from 3rd to 4th instar and died at elevated positions. 
We performed an additional experiment including a mutant SeMNPV virus lacking only the egt 
start codon (Δegt-ATG). This experiment showed, combined with the observation that both the 
egt ORF and the egt start codon mutant reduced the time to death and prevented tree-top disease 
in infected larvae, that the EGT protein is most likely responsible for extending the time to 
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death and allowing pre-death climbing behaviour. It has been shown that behavioural changes 
in insects can be influenced by miRNA pathways or miRNA levels (Bartel, 2004) and it has 
been reported that miRNAs might be involved in regulating behaviour in Drosophila (Kadener 
et al., 2009). Similarly, viruses might affect host behaviour using viral miRNAs. A precursor 
miRNA encoding sequence has been predicted within the egt ORF [32]. However, our data 
indicate that the egt transcript is not involved in the altered phenotype. The RT-PCR results 
demonstrated that the egt transcript was still formed and the region for which a miRNA was 
predicted was still intact in this mutant. Whether the miRNA encoded in the egt gene is 
produced and whether it has a regulating role in the infection process must still be investigated. 
The egt gene is present in almost all lepidopteran baculoviruses except in one clade of 
granuloviruses (Ros et al., 2015). Several studies have now investigated the role of egt in 
baculovirus-induced tree-top disease. Although the effects of egt on the occurrence of tree-top 
disease have been observed (Hoover et al. (2011) and this study), it is absent in other systems 
(Ros et al. (2015)) and its exact role remains unclear. Possibly, egt exerts its effect on tree-top 
disease by affecting the time to death and/or by inhibiting moulting-related climbing behaviour 
(2015). In the current study, egt extends the time to death, and egt-mutant-infected larvae do 
not reach the time point at which in WT-infected larvae tree-top disease is observed. Apart from 
affecting the time to death of larvae, egt is also known to suppress host moulting (O'Reilly, 
1995; O'Reilly and Miller, 1989). Larval moulting is often accompanied by changes in 
behaviour, and by affecting moulting, egt might also change moulting-related behaviour. An 
example was seen in AcMNPV-infected 3rd instars of T. ni and S. exigua, where egt did affect 
moulting-related climbing behaviour but not tree-top disease, which occurred much later than 
the moulting-related climbing (Ros et al., 2015). If the death of larvae occurred around the time 
that larvae moult, or are about to moult, egt might, by having an inhibitory effect on moulting, 
also affect moulting-related behaviour, which can give the appearance that egt induces tree-top 
disease. This might be the case in LdMNPV-infected L. dispar larvae (Hoover et al., 2011; Ros 
et al., 2015). Lymantria dispar larvae feed in the tree canopy and move downwards to moult. 
In LdMNPV WT-infected larvae moulting was suppressed and larvae died up in the tree, while 
larvae infected with the LdMNPV Δegt virus moved downwards to moult and died at low 
positions. In the case of LdMNPV, the apparent effect of egt on tree-top disease might be a 
consequence of its inhibitory effect on moulting and on moulting-related behaviour. 
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Conclusions 
In this study we examined the role of the egt gene in SeMNPV-induced tree-top disease. We 
found that larvae infected with a mutant virus lacking the egt gene presented a shorter time to 
death and died before the onset of pre-death climbing behaviour. Moreover, deletion of either 
the open reading frame or the ATG start codon of the egt gene prevented tree-top disease, 
indicating that the EGT protein is required for the occurrence of tree-top disease. We observed 
that EGT facilitates the pre-death climbing behaviour by prolonging the larval time to death. 
Most likely, additional viral genes are needed to induce tree-top disease. 
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Supplementary Materials 
Table S1. Primers used in this study. 
Number Primer Name Sequence (5′-3′) Function 
1 ∆egt-ORF-Fw 
CATCGGTCACCATGAACGGTTGCGCTGTCCTAATTTTATTTTTTGCACT
GGCTCGGATCCACTAGTAACGG 
Primer with 50 bp overhang (italics) to amplify a product for 
homologous recombination to remove part of the egt ORF 
2 ∆egt-ORF-Rv 
ATTTAGGGTTAAATTACATGGTTCATACATACACACACATCCTGTTTTTT
CCTCTAGATGCATGCTCGAG 
Primer with 50 bp overhang (italics) to amplify a product for 
homologous recombination to remove part of the egt ORF 
3 ∆egt-ATG-Fw 
TTTAGGTCACCCATTTACTGTATCGAATCATCGGTCACCGCTCGGATC
CACTAGTAACG 
Primer with 50 bp overhang (italics) to amplify a product for 
homologous recombination to remove the egt start codon 
4 ∆egt-ATG-Rv 
GCCGAACCCGTGGTCAGTGCAAAAAATAAAATTAGGACAGCGCAACC
GTTCCTCTAGATGCATGCTCG 
Primer with 50 bp overhang (italics) to amplify a product for 
homologous recombination to remove the egt start codon 
5 ∆egt-ORF-check Fw ATGTGTGCTCTTCGTCAGATG To check the ∆egt-ORF deletion mutant 
6 ∆egt-ORF-check Rv TATTGCCTACGCGCGC To check the ∆egt-ORF deletion mutant 
7 ∆egt-ATG-check Fw GGCTAAACCGATGTTGTAGTG To check the ∆egt-ATG deletion mutant 
8 ∆egt-ATG-check Rv CCCGGTACCTCACACTAAATTAATTCTCAGTAATTGAC To check the ∆egt-ATG deletion mutant 
9 egt-repair-Fw ATTTACTGTATCGAATCATCGG 
To amplify a product for homologous recombination to generate  
the egt-repair virus, for RT-PCR on SeMNPV egt and to check  
egt-ATG deletion 
10 egt-repair-Rv GGGTTAAATTACATGGTTCATACA 
To amplify a product for homologous recombination to  
generate the egt-repair virus 
11 Se-eIF5A-Fw GCCATGGCTGACATCGAGGATAC RT-PCR on S. exigua eIF5A 
12 Se-eIF5A-Rv GCGGTACCGGTTTATTTGTCGAGAGC RT-PCR on S. exigua eIF5A 
13 Se-ie1 Fw GACAAGAATGACGATGATATCGG RT-PCR on SeMNPV ie1 
14 Se-ie1 Rv GGACAATTGCTTTTCCGAAAAC RT-PCR on SeMNPV ie1 
15 Se-egt-ORF-Fw CAAGAGGTTGATTGACGAACAA RT-PCR on SeMNPV egt and to check egt-ORF deletion 
16 Se-egt-ORF-Rv AGCGATTTGGGATGTTTGTC 
RT-PCR on SeMNPV egt and to check egt-ORF and  
egt-ATG deletion 
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Table S2. Outcome of the logistic regression analysis of the infectivity assays. Per replicate, an odds 
ratio (relative potency) was determined for each virus: the ratio of the infectivity of the respective virus 
relative to the infectivity of the G25 WT virus. The upper and lower limits of the 95% confidence interval 
are also given, as well as the P value. 
Replicate Viruses Odds Ratio 95% Confidence Interval P value 
   Low High  
1 G25 WT 1.000 - - - 
 SeBac10 WT 1.634 0.988 2.715 0.057 
 ∆egt-ORF 2.654 1.601 4.440 <0.001 *** 
 ∆egt-ATG 5.989 3.542 10.292 <0.001 *** 
 egt-repair 3.845 2.300 6.509 <0.001 *** 
2 G25 WT 1.000 - - - 
 SeBac10 WT 1.291 0.774 2.158 0.329 
 ∆egt-ORF 0.680 0.407 1.132 0.139 
 ∆egt-ATG 1.135 0.679 1.902 0.629 
 egt-repair 1.759 1.046 2.974 0.034 * 
3 G25 WT 1.000 - - - 
 SeBac10 WT 1.330 0.786  2.256 0.288 
 ∆egt-ORF 0.597 0.349  1.016 0.058 
 ∆egt-ATG 1.607 0.946  2.745 0.080 
 egt-repair 0.899 0.531  1.521 0.691 
 
 
Table S3. Dose-mortality response (log LC50) and mean time to death (MTD) of 3rd instar S. exigua 
larvae infected with G25 WT, SeBac10 WT, ∆egt-ORF, ∆egt-ATG or egt-repair virus. MTD was 
determined for a virus concentration of 106 OBs/mL (approximately 90%–95% mortality). 
Virus 
Log LC50  
(OBs/mL) 
Log 95% Confidence 
Interval (OBs/mL) 
MTD  
(h) 
95% Confidence  
Interval (h) 
  low high  low high 
G25 WT 4.70 4.44 4.97 73.84 71.87 75.81 
SeBac10 WT 4.42 4.16 4.67 73.51 71.75 75.28 
∆egt-ORF 4.64 4.40 4.88 64.56 62.43 66.68 
∆egt-ATG 4.08 3.84 4.30 68.95 66.74 71.16 
egt-repair 4.26 3.98 4.53 76.48 74.66 78.29 
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Figure S1. Position of the primers (horizontal arrows) that were used to check the deletion of the egt 
ORF or ATG start codon. Primers 15 and 16 anneal within the egt ORF and were used to check the 
deletion of the egt ORF. Primer 9 (anneals 27 bp upstream of the egt start codon) and primer 16 (anneals 
within the egt ORF) were used to check the deletion of the egt start codon. 
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Figure S2. Repetition of the experiment presented in Figure 2. The effect of the deletion of the egt ORF 
on SeMNPV-induced tree-top disease in S. exigua larvae. Percentage surviving larvae (grey line) and 
height (mm) of larvae or cadavers (black line) were recorded at different time points after infection for 
3rd instar S. exigua larvae infected with G25 WT (A, n = 29), SeBac10 WT (B, n = 29), Δegt-ORF (C, 
n = 28), egt-repair (D, n = 30) or mock (E, n = 10). Error bars represent the standard error of the mean 
(SEM). 
 
Figure S3. Repetition of the experiment presented in Figure 3. The effect of the deletion of the egt start 
codon on SeMNPV-induced tree-top disease in S. exigua larvae. Percentage surviving larvae (grey line) 
and height (mm) of larvae or cadavers (black line) were recorded at different time points after infection 
for 3rd instar S. exigua larvae infected with SeBac10 WT (A, n = 28), Δegt-ORF (B, n = 26), Δegt-ATG 
(C, n = 30) or mock (D, n = 10). Error bars represent the standard error of the mean (SEM). 
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Figure S4. Experimental set-up for measuring pre-death climbing behaviour. Larvae were placed 
individually in glass jars (120 mm high and 71 mm in diameter). Sterile mesh wire was placed in the 
jars to facilitate climbing and a piece of artificial food was placed at the bottom of the jar.
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Timely trigger of caterpillar zombie behaviour:  
temporal requirements for light in  
baculovirus-induced tree-top disease 
 
 
This chapter has been published as  
Han Y, van Houte S, van Oers M and Ros VID, 2017. Timely trigger of caterpillar zombie 
behaviour: Temporal requirements for light in baculovirus-induced tree-top disease. 
Parasitology 45, 822-827.
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Abstract  
Host behavioural manipulation is a common strategy used by parasites to enhance their survival 
and/or transmission. Baculoviruses induce hyperactivity and tree-top disease (pre-death 
climbing behaviour) in their caterpillar hosts. However, little is known about the underlying 
mechanisms of this behavioural manipulation. Previous study showed that the baculovirus 
Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV) induced tree-top disease at  
3 days post infection in third instar S. exigua larvae and that light plays a key role in triggering 
this behaviour. Here we investigated the temporal requirements for the presence of light to 
trigger this behaviour and found that light from above was needed between 43-50 hours post 
infection to induce tree-top disease. Infected larvae that were not exposed to light from above 
in this period finally died at low positions. Exposure to light prior to this period did not affect 
the final positions where larvae died. Overall we conclude that light in a particular time frame 
is needed to trigger SeMNPV-induced tree-top disease in S. exigua larvae. 
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Introduction  
The complex interplay between host and invading parasites may result in a wide range of 
changes both in the host and in the parasite (Lefѐvre et al. 2009; Libersat et al. 2009; Hughes 
2013; van Houte et al. 2013). Some of these changes are adaptive to the host, e.g. when these 
changes prevent further parasite dissemination to relatives (Bos et al. 2012). However, some of 
the alterations appear adaptive to the parasite, thereby enhancing parasite transmission (Lefѐvre 
et al. 2009; van Houte et al. 2013). Parasites, including viruses, may alter host physiology or 
morphology, but may also manipulate host behaviour (Lefѐvre et al. 2009; van Houte et al. 
2013). Parasitic manipulation of host behaviour can range from temporal changes of existing 
behavioural traits to the induction of completely new traits. Cases of behavioural manipulation 
include changes in host locomotion, reproductive behaviour, feeding and phototactic behaviour 
(Lefѐvre et al. 2009; van Houte et al. 2013).  
Baculoviruses are arthropod-specific viruses, mainly infecting lepidopteran larvae (Williams et 
al. 2016). These viruses are known to induce two behavioural changes in their caterpillar hosts: 
hyperactivity and tree-top disease (Kamita et al. 2005; Hoover et al. 2011; Katsuma et al. 2012; 
van Houte et al. 2012; Han et al. 2015; Ros et al. 2015). After infection, caterpillars become 
hyperactive and prior to death, they climb to the upper parts of plants, where they die. Because 
baculoviruses are able to liquefy their hosts, death at elevated positions potentially aids the virus 
to be spread over a larger area of plant foliage, thus increasing virus transmission to subsequent 
generations of caterpillars (Goulson, 1997; Hoover et al. 2011; Han et al. 2015). Moreover, the 
exposed caterpillar cadavers are more visible to birds, which feed on these caterpillars and can 
transport the viruses over large distances (Goulson, 1997). 
Though baculovirus-induced behavioural changes were first reported in the late 19th century, it 
is only during the last decade that the underlying mechanisms have started to be unravelled. 
Hoover et al. (2011) showed that the ecdysteroid uridine 5’-diphosphate UDP–
glucosyltransferase (egt) gene of Lymantria dispar MNPV (LdMNPV) is involved in tree-top 
disease in L. dispar larvae. However, the egt gene of AcMNPV is not involved in inducing tree-
top disease in S. exigua and Trichoplusia ni larvae: larvae infected with a mutant AcMNPV 
lacking the egt gene still died at elevated positions (Ros et al. 2015). In these latter two host 
species, moulting-related climbing (climbing prior to moulting) was affected by egt, but not 
tree-top disease (climbing prior to death) (Ros et al. 2015). In a different virus-host combination, 
concerning the baculovirus S. exigua MNPV (SeMNPV) and its single host S. exigua, it was 
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found that the egt gene might be involved in tree-top disease indirectly, through prolonging the 
lifespan of infected larvae (Han et al. 2015). Wildtype (WT) SeMNPV-infected third instars 
climbed to and died at elevated positions between 57 and 67 hours post infection (hpi). Though 
the larvae infected with a mutant virus (lacking the egt gene) died at lower positions, meanwhile 
they also had a shorter lifespan (most died before 57 hpi). Consequently, mutant virus-infected 
larvae did not reach the time point at which climbing behaviour was observed in WT-infected 
larvae. Therefore, it is concluded that SeMNPV egt facilitates tree-top disease in S. exigua 
larvae by extending the larval lifespan (Han et al. 2015). The aforementioned studies showed 
that the effect of egt on tree-top disease is not a conserved trait among all baculoviruses, and 
that egt might influence larval time to death or moulting-related climbing behaviour, and 
therewith it can in some cases (indirectly) affect the outcome of tree-top disease.  
Recently, it was found that light plays a key role in the induction of tree-top disease (van Houte 
et al. 2014; van Houte et al. 2015). Prior to death, S. exigua larvae infected with WT SeMNPV 
became positively phototactic and showed a strong tendency to move towards light. Infected 
larvae died at elevated positions when light was given from above, however, larvae died at low 
positions when the light was provided from below, or when larvae were continuously kept in 
the dark after infection. Uninfected larvae did not show phototactic behaviour, since larvae kept 
either in dark or in light conditions behaved similarly (van Houte et al. 2014).  
To better understand the role of light in baculovirus-induced behavioural changes, we 
investigated the importance of the timing of light exposure in the induction of positive 
phototaxis in SeMNPV-infected S. exigua larvae. In this paper, we show that exposure of WT 
virus-infected larvae to light between 43 and 50 hpi is important for the induction of light-
dependent tree-top disease. In contrast, exposure to light prior to or after this period does not 
affect the vertical position of the larvae at death.  
 
Material and Methods 
Insect larvae and virus 
Spodoptera exigua larvae were fed on artificial diet and kept at 27°C with 50% relative 
humidity as described before (Smits et al. 1986) using a 14 L : 10 D photoperiod (7:00 lights 
on, 21:00 lights off). SeMNPV G25, a naturally occurring WT SeMNPV strain (Murillo et al. 
2006), was used in this study. Viral occlusion bodies (OBs) were amplified by infecting  
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S. exigua fourth instars and OBs were purified from dead larvae and counted using a Bürker-
Türk haemocytometer as described before (van Houte et al. 2012).  
Behavioural assays 
Experimental design 
Three different behavioural assays were performed (see below) and each behavioural assay was 
executed twice as two independent replicates. For all three assays, newly moulted third instars 
of S. exigua were infected with WT SeMNPV, using droplet feeding as described before (Han 
et al. 2015). A viral titre of 106 OBs/ml was used for infection, which is known to kill at least 
90% of infected larvae. For each treatment, thirty larvae were infected by droplet feeding. As 
controls, ten mock-infected larvae, droplet fed with a virus-free solution, were used per assay. 
These mock-infected larvae were included to check for possible contaminations – in all assays 
mock-infected larvae developed normally and none of these larvae died due to a virus infection. 
Droplet-fed larvae were placed individually in glass jars (120 mm high and 71 mm in diameter). 
Jars contained a cube of artificial diet (approx. 3.5 cm3) at the bottom and were lined with sterile 
mesh wire to facilitate larval climbing. Jars were covered with transparent plastic Saran wrap 
containing three small holes for ventilation. Jars were incubated at 27°C with 50% relative 
humidity. The vertical position where the infected larvae died was recorded at five days post 
infection. Larvae that did not die following virus infection (survived despite being droplet fed 
with virus or died of other causes) were excluded from analyses (14 out of 840 infected larvae 
from three behavioural assays). 
Behavioural assay 1: light from above, from light to dark conditions  
To determine the time point at which light was needed to trigger positive phototaxis, groups of 
thirty larvae were switched from normal day/night intervals to dark conditions at different time 
points post infection. In this assay, if light was used, it was applied from above using three 
luminescent tubes (18 W each), which were placed 30 cm above the jars containing the larvae. 
The side and bottom of the jars were covered with aluminium foil and the jars were placed in a 
black box to block light from other directions than from above. Five different experimental 
treatments were used: larvae of group 1 (Gr 1, Figure 1A) were kept in the dark (0 L : 24 D) 
throughout the experiment; larvae of group 2, 3, and 4 (Gr 2, 3, 4 in Figure 1A) were first 
exposed to the normal 14 L : 10 D photoperiod regime until 43, 50, and 57 hpi, respectively, 
after which they were switched to completely darkness (0 L : 24 D); larvae of the control group 
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were kept under normal light/dark conditions (14 L : 10 D) throughout the experiment, using 
light from above (Ca, Figure 1A).  
Behavioural assay 2: light from below, from light to dark conditions 
To determine whether the direction of light was important during the time period determined 
in assay 1, the experiment was repeated with light applied only from below. To this end, three 
luminescent tubes (18 W each) were placed 30 cm below the jars containing infected larvae. 
The side of jars were covered with aluminium foil. A black box was placed over the jars to 
block light from other directions. Six different experimental conditions were used: larvae of 
Gr 1-4 (Figure 1A) were applied with the same L : D photoperiods as described in behavioural 
assay 1, only the light was applied from below instead of above; larvae of two control groups 
were kept under normal light/dark conditions (14 L : 10 D) throughout the experiment using 
light from above (Ca, Figure 1A) or from below (Cb, Figure 1A).   
Behavioural assay 3: light from above, from dark to light conditions  
In the third behavioural assay we aimed to determine whether light at the beginning of the 
infection is needed for SeMNPV-induced tree-top disease. Larvae were first kept under 
complete dark conditions, after which they were switched to a normal light/dark regime. In this 
assay light was applied from above as described in behavioural assay 1. Three different 
experimental conditions were used: larvae of Gr 1 (Figure 2A) were kept in the dark (0 L : 24 
D) throughout the experiment; larvae of Gr 2 (Figure 2A) were first kept in the dark (0 L : 24 
D) until 43 hpi, after this point they were switched to normal light/dark conditions (14 L : 10 
D); larvae of Ca (Figure 2A) were kept under normal light/dark conditions (14 L : 10 D) 
throughout the experiment. 
Data analysis 
The linear regression model (lm) analysis in the program R v3.0.0. (R Core Team, 2013) was 
used to analyse the position of the larvae at death (Ros et al. 2015). Treatment (different 
light/dark regime) and experiment (two replicates) were used as explanatory factors and it was 
determined whether these factors affected the vertical positions of the larvae at death. Since 
most larvae died as third instar (or during moulting from third to fourth instar), larval stage was 
excluded as a factor. 
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Results 
Light between 43 and 50 hpi triggers SeMNPV-induced tree-top disease 
To investigate during which time period after infection light was needed for SeMNPV-induced 
tree-top disease, we performed a behavioural assay using virus-infected larvae exposed to 
different light : dark (L : D) regimes (using light from above). Results showed that light between 
43 (7:00 hrs at day 2 post infection) and 50 hpi (14:00 hrs at day 2 post infection) was essential 
to trigger tree-top disease and light after 50 hpi was not needed for tree-top disease. Larvae kept 
under complete dark conditions from the start of the experiment (Gr 1 in Figure 1B), or 
following the 33 hpi point (21:00 hrs at day 1 post infection) (Gr 2 in Figure 1B) died at low 
positions. However, larvae kept under a 14 L : 10 D photoperiod until 50 hpi (so with light from 
43-50 hpi) and then switched to darkness, died at high positions (Gr 3 in Figure 1B) (Gr 1 (n 
=58) and Gr 2 (n = 59) versus Gr 3 (n = 59); T-test = 3.174 and 4.013, respectively; d.f. = 288; 
p < 0.01 and p < 0.001, respectively). Moving larvae to complete dark conditions at a later time 
point (57 hpi, Gr 4) or keeping them under normal L : D conditions (Ca) throughout the 
experiment did not affect the larval position at death: larvae of these treatments also died at 
high positions (Figure 1B) (Gr 3 (n = 59) versus Gr 4 (n =58) and Gr Ca (n = 60); T-test = 0.738 
and 1.276, respectively; d.f. = 288; p = 0.461 and 0.203, respectively). There was no significant 
difference between the two replicates (T-test = 1.039; d.f. = 288; p = 0.300). We conclude that 
light between 43 and 50 hpi was important to trigger SeMNPV-induced tree-top disease and 
light after 50 hpi did not have a measurable influence on the outcome of tree-top disease. 
The direction of light is important for tree-top disease  
To determine whether the direction of light was important during the time period determined 
in assay 1, the behavioural assay was repeated with light applied from below. Two control 
groups, kept under a normal light: dark regime (14 L : 10 D), were included, one using light 
from above (Ca) and one using light from below (Cb). Larvae of control group Ca died at high 
positions (Figure 1C) as expected, indicating that infected larvae still reacted to light in this 
experiment. Larvae of all other treatments died at low positions (Gr 1 to 4 and Cb in Figure 1C), 
also when receiving light from below during the period determined in assay 1 as being crucial 
for the induction of tree-top disease when light was applied from above (all differences when 
making comparisons between Gr 1-4 and Cb are non-significant (T-test < 1.7 and p > 0.08 for 
all comparisons; d.f. = 348, Table S1); Gr Ca is significantly different from Gr 1-4 and Cb (T-
test > 5.9 and p < 0.001 for all comparisons; d.f. = 348, Table S1). This finding indicates that 
Chapter 4  Temporal requirements for light in baculovirus-induced tree-top disease 
70 
 
the direction of light during this period (43 to 50 hpi), is crucial and tree-top disease is only 
observed if light is applied from above during 43 to 50 hpi. The two replicates of this experiment 
were not significantly different from each other (T-test = 0.927; d.f. = 348; p = 0.355).  
 
Figure 1. Light between 43 and 50 hpi is needed to trigger SeMNPV-induced phototaxis in 
Spodoptera exigua larvae. (A) Scheme of the experimental set-up with grey representing a dark interval 
and white representing a light interval. Vertical arrows indicate the time points at which the infection 
was done, the different treatment groups (Gr 2-4) were moved to continuous dark conditions and the 
measurement of the final vertical position of larvae was done. For each treatment (Gr 1 – 4, Ca, Cb), the 
dark – light scheme is indicated. Ca represents a control with light from above that was included in both 
behavioural assays. Cb represents a control with light from below that was included only in behavioural 
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assay 2. The period during which the phototaxis was triggered (‘trigger’) and the period during which 
the larvae climbed to elevated positions and subsequently died (‘climbing/death’) are indicated. (B) 
Height at death of larvae of behavioural assay 1 (light provided from above; Gr 1 (n=58), Gr 2 (n=59), 
Gr 3 (n=59), Gr 4 (n=58), Ca (n=60)). (C) Height at death of larvae of behavioural assay 2 (light provided 
from below; Gr 1 (n=59), Gr 2 (n=60), Gr 3 (n=59), Gr 4 (n=60), Cb (n=58), Ca (n=59)). Data points 
represent the height at death (mm) of individual larvae. Horizontal lines show the mean value of height 
at death and whiskers the standard error of the mean. Treatment groups marked with a different letter (a 
or b) are significantly different (P > 0.05). 
Light between 0 and 43 hpi is not needed for tree-top disease  
We also studied whether additional light exposure between 0 and 43 hpi was needed to trigger 
tree-top disease. Therefore, infected larvae were first kept in darkness until 43 hpi, after which 
light was applied from above following a 14 L : 10 D period (Gr 2, Figure 2). Data showed that 
infected larvae exposed to these conditions (Gr 2, Figure 2B) died at high positions compared 
to larvae kept in completely dark conditions throughout the experiment (Gr 1, Figure 2B; dying 
at low positions; Gr 2 (n=59) versus Gr 1 (n=60); T-test = -2.587; d.f. = 175; p < 0.01). 
Moreover, infected larvae exposed to above mentioned conditions (Gr 2, Figure 2B) died at 
similar positions compared to larvae kept under a 14 L : 10 D light regime throughout the 
experiment (Gr Ca, Figure 2B and 2C; dying at elevated positions; Gr 2 (n=59) versus Ca (n=60); 
T-test = 1.685; d.f. = 175; p = 0.973). The two replicates were not significantly different (T-test 
= 0.084; d.f. = 175; p = 0.933). The experimental data obtained in the third behavioural assay 
further suggest that a light stimulus from above is needed during the period from 43 to 50 hpi 
to successfully induce tree-top disease, and that light prior to this period does not have a 
measurable influence on the outcome of tree-top disease.  
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Figure 2. Light exposure between 0 and 43 hours post infection does not affect tree-top disease. 
(A) Scheme of the experimental set-up with grey representing a dark interval and white representing a 
light interval. Vertical arrows indicate the time points at which the infection was done, treatment group 
Gr 2 was moved from continuous dark conditions to a normal L : D rhythm and the measurement of the 
final vertical position of larvae was done. For each treatment (Gr 1, Gr 2, Ca) the dark – light scheme is 
indicated. Ca represents a control with light from above. The period during which the phototaxis was 
triggered (‘trigger’) and the period during which the larvae climbed to elevated positions and 
subsequently died (‘climbing/death’) are indicated. (B) Height at death of larvae of behavioural assay 3 
[light provided from above; Gr 1 (n=60), Gr 2 (n=59), Ca (n=60)]. Data points represent the height at 
death (mm) of individual larvae. Horizontal lines show the mean value of height at death and whiskers 
the standard error of the mean. Treatment groups marked with a different letter (a or b) are significantly 
different (P > 0.05).  
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Discussion  
Baculovirus-induced behavioural changes have important ecological and evolutionary 
consequences for both the host and the pathogen. Exciting progress has been made to reveal the 
underlying mechanisms. Previously, it has been shown that light applied from above is needed 
for the induction of tree-top disease by the baculovirus SeMNPV in S. exigua larvae (van Houte 
et al. 2014; van Houte et al. 2015). Here, we further investigated the role of light in this process 
and found that for SeMNPV-infected third instars light from above is needed between 43 and 
50 hpi to trigger tree-top disease. The positive phototactic behaviour displayed prior to death 
was triggered in this specific time span.  
Strikingly, light from above was needed to induce tree-top disease between 43 and 50 hpi, but 
not during the period when the actual climbing took place. When light was provided from above 
between 43 and 50 hpi, WT-infected larvae climbed to and died at elevated positions between 
57 and 67 hpi, even though light was absent during the period in which they climbed. 
Apparently, positive phototaxis was already triggered between 43 and 50 hpi, so prior to the 
actual climbing. Molecular pathways that lead to positive phototaxis might be activated in the 
infected larvae during this period. Once the pathways for positive phototaxis are activated, 
infected larvae do not need light anymore to climb to elevated positions. When light was 
provided from below in the same time span (43 to 50 hpi) larvae stayed at the bottom until death 
(behavioural assay 2). In both experiments the infected larvae moved towards the direction 
where the light came from in the induction period (between 43 and 50 hpi), though during 
climbing (57 to 67 hpi) they were in the dark. An alternative explanation is that the larvae 
somehow ‘remember’ the direction of the light (present during the trigger period) when they 
are climbing (during the night when light is absent). 
Previous studies showed that the egt gene from SeMNPV is involved in SeMNPV induced tree-
top disease in S. exigua indirectly: most WT-infected larvae climbed to and died at elevated 
positions between 57 and 67 hpi when light was provided above. The current experiments 
suggest that before the actual climbing, pathways for positive phototaxis have been activated. 
However, larvae infected with the SeMNPV virus lacking the egt gene have been shown to start 
dying from 43 hpi and most of these larvae already died before 57 hpi before actual climbing 
started in WT-infected larvae. Due to this earlier death, larvae infected with the egt-minus virus 
did not reach the point of climbing, although the pathways for positive phototaxis might have 
been activated also in the egt-minus virus infected larvae (Han et al. 2015; Ros et al. 2015).   
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Though phototaxis has been observed and studied in many insect species, the underlying 
mechanisms are still not completely understood. In general, insects sense light of certain 
wavelengths using their photoreceptors (Castrejon and Rojas, 2010; Yamaguchi and 
Heisenberg, 2011; Otsuna et al. 2014; Sun et al. 2014;). Neuron cells can sense the output from 
photoreceptors and deliver the signal to the insect’s central nervous system (CNS). In the CNS, 
different pathways might be triggered that finally lead to the phototactic behaviour. However, 
the trigger appears to differ among different insect species. For example, lepidopteran larvae 
and moths show a strong preference for green and blue light (520 and 460 nm in wavelength) 
(Castrejon and Rojas, 2010; Sun et al. 2014), while the fruit fly Drosophila melanogaster 
prefers light with shorter wavelength, like ultraviolet (UV) light (400 nm in wavelength) 
(Fischbach, 1979; Otsuna et al. 2014). Honey bees (Apis mellifera) have three spectral types of 
photoreceptors, for UV, blue and green light, while D. melanogaster has five types of 
photoreceptors differing in spectral properties (Yamaguchi and Heisenberg, 2011). A few 
downstream genes have been identified to play a role in phototaxis. For example, the tim and 
per genes, which encode components of the circadian clock, are important for phototactic 
behaviour in D. melanogaster larvae (Keene and Sprecher, 2012). The neurotransmitter 
serotonin was found to play a role in phototactic behaviour in honey bees (Yamaguchi and 
Heisenberg, 2011).    
Positive phototaxis is not only induced in baculovirus-infected caterpillars, but also in other 
parasite-host systems. Parasites may induce positive phototaxis by invading or affecting the 
CNS of their hosts. Crickets infected with Gordian worms present strong phototaxis shortly 
before the maturation of the Gordian worms. Moreover, the phototaxis is reversible: once the 
mature Gordian worms are released, the crickets are not attracted to light anymore (Ponton et 
al. 2011). A comparative proteomic study revealed that manipulated crickets exhibit higher 
expression levels of proteins involved in vision (CRAL_TRIO), CNS development, 
neurogenesis, circadian rhythm and neurotransmitter production (Biron et al. 2006). Positive 
phototaxis is also observed in amphipods infected with trematodes or acanthocephalans (both 
parasitic worms), which stimulate the amphipods (the intermediate host of the parasitic worms) 
to move closer to the water surface, where they can be consumed by predators (forming the 
subsequent hosts). In the gammarid Gammarus insensibilis infected with the trematode 
Microphallus papillorobustus expression levels of proteins that are involved in serotonin 
synthesis (aromatic-L-amino acid decarboxylase) and vision (CRAL_TRIO) are significantly 
higher than in non-infected G. insensibilis. It has been shown that in many invertebrates 
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phototactic behaviour is related with serotonin synthesis alteration (Ponton et al. 2006). 
Likewise, in the gammarid Gammarus pulex infected with acanthocephalan parasites, serotonin 
levels are also changed and have been functionally linked to changed behaviour upon light 
perception (Tain et al. 2006). The freshwater amphipod Hyalella azteca infected with the 
acanthocephalan Corynosoma constrictum showed a significantly higher response to green light 
(500-550 nm) and red light (600-700 nm), but the response to blue light (400-450 nm) was not 
changed (Benesh et al. 2005). In Dolichoderus thoracicus ants infected with the fungus 
Ophiocordyceps pseudolloydii and in Succinea putris snails infected with the parasitic flatworm 
Leucochloridium paradoxum, the infected hosts display positive phototactic behaviour 
(Wesołowska and Wesołowski, 2014; Chung et al. 2017), however, the underlying mechanisms 
are still unclear. Though in the described examples the individual parasites are not 
phylogenetically related (representing worms, viruses or fungi), they may make use of similar 
proximate mechanisms to modify light perception or the response there to in their hosts. We 
hypothesize that SeMNPV hijacks host light perception pathways in the central nervous system 
(CNS) to induce tree-top disease in S. exigua and that timing of light perception plays a key 
role in this process. It remains to be elucidated which spectrum of the light is needed during 
this period. It is noticeable that light also plays a role in Bombyx mori nucleopolyhedrovirus 
(BmNPV)-induced hyperactivity in B. mori larvae. Light did not induce positive phototaxis in 
infected larvae, since both virus- and mock-infected larvae showed similar levels of phototaxis. 
However, light enhanced the amplitude of BmNPV-induced hyperactivity; when light was 
present, the induced hyperactivity was more than two fold higher than under dark conditions 
(Kamita et al. 2005).  
Overall we conclude that light perception is required between 43 and 50 hpi to trigger 
SeMNPV-induced tree-top disease in third instar S. exigua larvae. Pathways leading to positive 
phototaxis might be activated during this period, which leads to movement in the direction of 
the earlier provided light at a later stage of the infection.   
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Abstract 
The family Baculoviridae encompasses a large number of invertebrate viruses, mainly infecting 
caterpillars of the order Lepidoptera. The baculovirus Spodoptera exigua multiple 
nucleopolyhedrovirus (SeMNPV) induces physiological and behavioral changes in its host 
Spodoptera exigua, as well as immunological responses, which may affect virus transmission. 
Here we show that the SeMNPV-encoded protein tyrosine phosphatase 2 (PTP2) induces mild 
apoptosis in Spodoptera frugiperda (Sf) 21 cells upon transient expression. Transient 
expression of a catalytic-site mutant of ptp2 did not lead to apoptosis, indicating that the 
phosphatase activity of PTP2 is needed to induce apoptosis. We also found that the caspase 
level (indicator of apoptosis) was higher in cells transfected with the ptp2 gene than in cells 
transfected with the catalytic mutant. Adding a caspase inhibitor reduced the level of ptp2-
induced apoptosis. Moreover, deletion of the ptp2 gene from the viral genome prevented the 
induction of apoptosis in S. exigua hemocytes. The virus titer and virulence indices (the viral 
infectivity and the time to death) were not affected by deletion of the ptp2 gene. However, the 
viral occlusion body yield from S. exigua larvae infected with the mutant virus lacking the ptp2 
gene was much lower than the yield from larvae infected with the wild-type (WT) virus. We 
hypothesize that the observed pro-apoptotic effects of PTP2 are the result of PTP2-mediated 
immune suppression in larvae, which consequently leads to higher viral occlusion body yields. 
 
 
 
 
  
Chapter 5  Baculovirus PTP2 functions as a pro-apoptotic protein 
79 
 
Introduction  
Apoptosis is an active process of programmed cell death that is involved in immunity, normal 
development and cell differentiation (Elmore, 2007). It is characterized by morphological 
changes, including cell blebbing and cell shrinkage, chromosomal DNA fragmentation, as well 
as energy-dependent biochemical changes (Elmore, 2007; Feng et al., 2007). Apoptosis is part 
of the insect’s innate immune response against pathogens, including viruses, triggering 
premature cell death of infected host cells (Kvansakul, 2017). Viruses have developed a range 
of strategies to counteract host-induced apoptosis (Kvansakul, 2017), including the expression 
of anti-apoptotic genes. On the other hand, some viruses have been found to actively induce 
apoptosis in their host in order to suppress the host immune system and/or enhance virus 
dissemination (Chitnis et al., 2011; Suderman et al., 2008). For example, it was found that the 
polydnavirus Microplitis demolitor bracovirus (MdBV) induced apoptosis in immune cells of 
Spodoptera frugiperda caterpillars and that this activity contributed to the immunosuppression 
of the host (Suderman et al., 2008). Several viral genes and proteins have been found to induce 
pro-apoptotic effects in host-derived cell lines (Anasir et al., 2017; Chitnis et al., 2011; Schultz-
Cherry et al., 2001; Schultz et al., 2009; Suderman et al., 2008). For example, Suderman et al. 
(Suderman et al., 2008) found that the protein tyrosine phosphatase-H2 (PTP-H2) from MdBV 
induced apoptosis in S. frugiperda 21 (Sf21) cells and showed that the phosphatase activity of 
PTP-H2 was needed for the apoptotic activity. The iridovirus serine/threonine kinase (ISTK) 
from Chilo iridescent virus (CIV) induced apoptosis in cell lines derived from the spruce 
budworm Choristoneura fumiferana and the boll weevil Anthonomus grandis (Chitnis et al., 
2011).  
Baculoviruses are arthropod-specific viruses with a circular, double-stranded DNA genome 
(Williams et al., 2017). Two types of baculovirus virions are present in a single infection cycle: 
occlusion-derived virions (ODVs) and budded virions (BVs). ODVs are embedded in occlusion 
bodies (OBs) and are responsible for starting the primary infection in epithelial midgut cells 
and for host-to-host transmission, while BVs are responsible for spreading viruses throughout 
the body via the hemolymph (Clem and Passarelli, 2013; Williams et al., 2017). Baculoviruses 
infect larval stages of insects, mainly of the order Lepidoptera. The baculovirus Spodoptera 
exigua multiple nucleopolyhedrovirus (SeMNPV) is highly infectious to its single host 
Spodoptera exigua, the beet armyworm, and is an important biocontrol agent of this species 
(Smits et al., 1986). Apoptosis is observed in host insects infected by baculoviruses (Feng et al., 
2007; Wan et al., 2015). SeMNPV infection has been suggested to trigger apoptosis in the 
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hemocytes of S. exigua larvae (Wan et al., 2015). In addition, in the hemolymph and fat bodies 
of S. exigua larvae apoptosis was observed following infection by Spodoptera litura 
nucleopolyhedrovirus (SpltNPV) (Wan et al., 2015). Baculoviruses contain pro-apoptotic genes, 
for example, the immediate early gene 1 (ie1) from the baculovirus Autographa californica 
multiple nucleopolyhedrovirus (AcMNPV). Previous studies have shown that the ie1 gene from 
AcMNPV is involved in the formation of apoptotic bodies in virus-infected Sf21 cells by 
initiating virus DNA replication events that subsequently trigger cell death (Prikhod'ko and 
Miller, 1996; Schultz and Friesen, 2009; Schultz et al., 2009). Apart from pro-apoptotic genes 
(like ie1), baculoviruses also contain anti-apoptotic genes. AcMNPV carries the anti-apoptotic 
gene p35, while other baculoviruses contain either p35 homologues or inhibitor of apoptosis 
(iap) genes (Clem, 2001). SeMNPV possesses iap2 and iap3 homologues (IJkel et al., 1999). 
SeMNPV IAP3 was able to block chemical induction of apoptosis in insect cells and 
mammalian cells; however, the function of iap2 is not known yet (Wu et al., 2016; Zhu et al., 
2008). 
SeMNPV, like bracoviruses, carries a phosphatase gene, in this case called protein tyrosine 
phosphatase 2 (ptp2). Both SeMNPV PTP2 and MdBV PTP-H2 contain a His–Cys (HC) 
signature motif in their catalytic site, which is characteristic for proteins belonging to the PTP 
superfamily. Moreover, the PTP2 protein carries a C-terminal consensus sequence that is 
characteristic for mitogen-activated protein kinase (MAPK) phosphatases. Several MAPK 
phosphatases have been reported to regulate MAPK pathways and are important regulators of 
apoptosis (Patterson et al., 2009). Here, we tested whether SeMNPV PTP2 has a similar 
function to the MdBV PTP-H2 in inducing apoptosis in its host. First, we investigated the 
apoptotic effect of PTP2 on cultured cells and on S. exigua larval hemocytes. Then we 
compared the budded virus titer, the virulence indices (including the viral infectivity and the 
time to death) and the OB yield between insects infected with either the wild type (WT) or the 
mutant virus lacking the ptp2 gene. The results show that PTP2 functions as a pro-apoptotic 
protein in cultured cells and in larval hemocytes. Moreover, PTP2 contributes to a higher OB 
yield in larvae.  
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Materials and Methods 
Insects, cell lines and virus  
Spodoptera exigua larvae were reared on artificial diet as described before (Han et al., 2015). 
Sf21 cells (Sigma-Aldrich) were maintained as monolayers in Grace’s medium (Invitrogen) 
supplied with 10% fetal bovine serum (FBS) (Invitrogen) and 0.1% gentamycin (50 µg/mL, 
Invitrogen). Se301 cells, originally derived from S. exigua (Hara et al., 1995), were maintained 
as monolayers in CCM3 serum free medium (Hyclone) supplied with 5% FBS and 0.1% 
gentamycin (50 µg/mL). The SeBac10 bacmid, derived from the SeMNPV US-1 strain (Pijlman 
et al., 2002), was used in this study.  
Assessment of apoptosis in Sf21 cells  
Construction of plasmids for transient expression assays  
The pIB-DEST expression vector (Invitrogen) was used for transient expression assays in Sf21 
cells. The vector contains the constitutively expressed early OpIE2 promoter, derived from 
Orgyia pseudotsugata (Op) MNPV, to drive the expression of the gene of interest. Each gene 
to be expressed was cloned downstream of the egfp open reading frame (ORF), from which it 
was separated by the foot and mouth disease virus 2A ribosome skipping element (FMDV2A). 
EGFP was used to monitor the transfection efficiency. FMDV2A is a seventeen amino acids 
long (NFDLLKLAGDVESNPGP) element that allows co-translational cleavage between the 
marker protein (EGFP) and the protein to be analyzed. In total five pIB-DEST constructs were 
made: (i) modified pIB-DEST vector (pIB-DESTmod) in which the chloramphenicol resistance 
(cat) gene and the ccdB gene were replaced by a 888 bp long internal DNA segment from the 
AcMNPV gp64 ORF (nt509-1396) to have a negative control vector that could be amplified in 
the E. coli strain DH5α (the ccdB gene in the original pIB-DEST is lethal to E. coli); (ii) pIB-
EGFP encoding only EGFP; (iii) pIB-SePTP2 encoding EGFP and SeMNPV PTP2; (iv) pIB-
SePTP2mut encoding EGFP and SeMNPV PTP2 containing a mutation in its catalytic site 
(mutation of cysteine to serine at position 110 (C110S)); and (v) pIB-AcPTP encoding EGFP 
and the AcMNPV PTP protein (distantly related to PTP2) (van Houte et al., 2012), to allow 
comparison with a different viral protein tyrosine phosphatase. To construct these plasmids, the 
AcMNPV gp64 segment and the ptp ORF were amplified from the AcMNPV E2 bacmid 
(Luckow et al., 1993) using primer pairs 1 and 2, and 3 and 4, respectively (Table S1). The 
Septp2 ORF was amplified from the SeMNPV bacmid SeBac10 using primers 5 and 6 (Table 
S1). To obtain the C110S catalytic mutant of Septp2 a ptp2C110S mutation was created by a two-
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step PCR reaction using SeBac10 as template. First, primer 7 (Table S1), which introduced two 
point mutations at nucleotides 328 and 330 relative to the ATG start codon, was combined with 
primer 8 (Table S1), which annealed to the 3′ end of the ptp2 ORF, to create a 3′ segment with 
the required mutations. The resulting 198 bp PCR product was used as reverse primer and 
combined with primer 9 (Table S1), annealing to the 5′ end of the ptp2 ORF, to create the full 
length ptp2C110S insert, again with SeBac10 as a template. Then the ptp2C110S insert was verified 
by sequence analysis after cloning into the pJET1.2 cloning vector (Fermentas). The resulting 
plasmid pJET-ptp2C110S was then used as template for PCR using the primers 5 and 6 to allow 
Gateway cloning (see below).  
The forward primers were designed to introduce an attB1 site and a HindIII site, while the 
reverse primers introduced an attB2 site (Table S1) to enable Gateway® cloning (Invitrogen). 
All PCRs were performed with the proofreading Phusion polymerase (Finnzymes). The 
resulting PCR amplicons were first cloned into the pDONR207 donor plasmid (Invitrogen) and 
sequenced and subsequently cloned into the pIB-DEST plasmid. The EGFP-FMDV2A was 
obtained as HindIII fragment from the plasmid CHIKrep-pac2AEGFP as described before (Fros 
et al., 2010) and inserted into HindIII-linearized pIB-DEST plasmids containing the genes of 
interest.  
Transient expression assay  
In total, two transient expression assays were conducted and each assay was performed twice 
as two independent replicates. In the first assay the apoptotic effects of the above-mentioned 
pIB-DEST-derived plasmids on Sf21 cells was assessed. In total, seven treatments were 
included in this assay: (1) pIB-EGFP + Actinomycin D (ActD, Sigma-Aldrich), a chemical 
inducer of apoptosis, as a positive control; (2) pIB-SePTP2; (3) pIB-SePTP2mut; (4) pIB-
AcPTP; (5) pIB-EGFP; (6) pIB-DESTmod, to monitor whether the pIB-DEST vector itself 
induces apoptosis on Sf21 cells; and (7) mock transfected cells (no vector used). The second 
transient expression assay was conducted to assess whether apoptosis inhibitors were able to 
inhibit Septp2 induced apoptosis in Sf21 cells. In this case cells were transfected with pIB-
SePTP2, in the presence or absence of the pan-caspase inhibitor carbobenzoxy-valyl-alanyl-
aspartyl-(O-methyl)-fluoromethylketone (Z-VAD-FMK, Promega). 
For both transfection assays Sf21 cells were seeded at a confluency of 25–30% in 6-well plates. 
The cells were incubated overnight and two h prior to transfection, the culture medium was 
replaced with Grace’s medium without serum. Transfections were performed with 4 µg of the 
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pIB-DEST plasmids containing the genes of interest. Cellfectin II (Invitrogen) was used as the 
transfection reagent according to the manufacturers’ protocol. ActD was added to the medium 
40 h post transfection (hpt) at a final concentration of 0.25 µg/mL. The caspase inhibitor Z-
VAD-FMK was supplied in the normal medium at a concentration of 20 µM at 5 hpt. Cells 
were monitored daily using a Zeiss Axio Observer inverted fluorescence microscope to analyze 
EGFP expression and apoptotic body formation.  
Caspase assay 
A caspase assay (treatments) were performed using the experimental set-up for transient 
expression assay 1 described above; the assay was performed twice as two independent 
replicates. The transfection and apoptosis induction procedures were the same as described 
above, with the exception that all transfections were performed in 24-well plates, making each 
of the reagent volumes four times smaller. At 48 hpt cells were homogeneously resuspended in 
culture medium. For each sample, 50 µL of cell suspension was mixed with 50 µL of caspase-
glo 3/7 substrate (Promega) in white 96-well plates. All samples were prepared in duplo per 
replicate. The plate was incubated in the dark for one hour at room temperature. Luminescence 
was measured in a fluorometer (Optima; settings: 5 flashes with maximal gain and top optic 
measurement). Luminescence was measured as relative luminescent units (RLUs). Differences 
in RLUs between the treatments were tested using the software package SPSS, version 22.0 
(Corp, 2013). Data were first tested for normality (Kolmogorov–Smirnov test) and 
homogeneity of group variance (Levene’s test). Where possible, logarithmic transformations 
were performed to attain normality and homogeneity of variances. A one-way analysis of 
variance (ANOVA) was performed to determine whether there were significant differences in 
RLUs among the different treatments. When a significant difference was found, pairwise 
comparisons were performed using Tukey post hoc tests. 
Assessment of apoptosis in Spodoptera exigua hemolymph cells  
Construction of recombinant virus  
An SeBac10-derived bacmid with a partial deletion of the ptp2 ORF (Δptp2) was constructed 
using the combined lambda RED and Cre-recombination methods described before (Ros et al., 
2015). The mutant had a deletion of the major part (354 bp) of the ptp2 ORF (498 bp), ranging 
from nucleotide 48 to 401. Briefly, PCR products of the chloramphenicol (cat) resistance gene 
flanked by modified loxP sites and with 50 bp overhangs homologous to the flanking regions 
of the region to be deleted were generated with Phusion polymerase using primer 10 and 11 
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(Table S1). Subsequently, the major part of the ptp2 ORF was replaced by the cat gene flanked 
by modified loxP sites. The cat gene was then removed by Cre-recombinase, leaving an inserted 
segment of 162 bp that contained the recombined loxP site. The deletion of the cat gene was 
checked by PCR using primers 12 and 13 (Table S1) that annealed to the 5′ and 3′ areas outside 
the deleted region. To enable oral infection of S. exigua larvae, the SeMNPV polyhedrin 
promoter and ORF were introduced into the Δptp2 SeBac10, which, similar to the ancestral 
SeBac10, lacks the polyhedrin gene, as described before (Han et al., 2015).  
Recombinant Δptp2 SeMNPV viral OBs were generated by injecting Δptp2 SeBac10 bacmid 
DNA together with transfection reagent into 4th instar S. exigua larvae as described before (Han 
et al., 2015). Δptp2 SeMNPV OBs were amplified in and purified from larvae using protocols 
as described before (Han et al., 2015). The concentration of OBs was determined using a 
Bürker–Türk hemocytometer (Marienfeld). SeBac10 derived WT virus (WT SeMNPV) (Han 
et al., 2015) was used as a control. 
Apoptosis in S. exigua larvae hemocytes  
Late 2nd instars of S. exigua were starved overnight for 16 h and allowed to molt. The next 
morning, newly molted 3rd instars were infected with WT SeMNPV or Δptp2 SeMNPV using 
droplet feeding as described before (Ros et al., 2015). Viral concentrations of 106 OBs/mL, 
known to kill at least 90% of WT SeMNPV-infected larvae, were used for infection. A virus-
free sucrose solution was used for mock infections. For each treatment, 48 larvae were infected 
and the experiment was performed twice as two independent replicates.  
Apoptosis of hemocytes was measured by bleeding 3rd instar S. exigua larvae from a cut proleg 
48 h post infection (hpi). Two microliter hemolymph was collected from each infected larva 
and the hemolymph samples from 10 larvae were pooled in 80 µL PBS containing 1-phenyl-2-
thiourea (PTU, 0.1% final concentration) to prevent melanization. Next, 5 µL of Annexin V-
EGFP (Annexin V-EGFP Apoptosis Detection Kit, BioVision) was added to stain any apoptotic 
cells, while Hoechst dye was added at a concentration of 10 µM to stain the nuclei of all cells. 
The mixtures were incubated at RT for 10 minutes and fluorescence was studied with a Zeiss 
Axio Observer inverted microscope.  
RNA extraction and RT-PCR 
To confirm the expression of ptp2 in WT SeMNPV-infected larvae, and to confirm the absence 
of ptp2 expression in ∆ptp2 SeMNPV-infected larvae, an RT-PCR amplification was performed 
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on total RNA extracted from infected single whole larvae at two days post infection (dpi). 
Infections of 3rd instar S. exigua larvae were performed using the same procedure and treatment 
as described above. At two dpi, a single larva was homogenized in 250 µL Trizol reagent 
(Invitrogen). Total RNA purification and subsequent cDNA synthesis were performed as 
described before (Han et al., 2015). RT-PCR was performed using primer pairs to amplify (i) a 
486 bp sequence within the ORF of the S. exigua host translation initiation factor eIF5A (van 
Oers et al., 1999) to verify that larval RNA was successfully extracted and that cDNA was 
synthesized (primer 14 and 15; Table S1); (ii) a 492 bp sequence within the coding sequence of 
the SeMNPV immediate early (ie1) gene to confirm successful virus infection (primer 16 and 
17, Table 1); (iii) a 365 bp sequence encompassing the recombined loxP site to check for the 
correct deletion (the forward primer stretched from 27 bp upstream of the ptp2 start codon to 
the first 9 bp of the ptp2 ORF, the reverse primer annealed from 109 to 129 bp downstream of 
the ptp2 stop codon) (primer 12 and 13; Table S1). For each sample, a non-RT control sample 
was included, in which water was added instead of reverse transcriptase in the RT step. In 
addition, for each PCR a negative control with only water and a positive control with purified 
WT SeBac10 as template were processed. 
Comparison of Virus Infectivity and Ob Yield 
Virus titrations 
To confirm whether deletion of the ptp2 gene affect BVs production in larval hemocytes, BVs 
titers in WT SeMNPV- and ∆ptp2 SeMNPV-infected larvae were compared at two dpi. 
Infections were performed using the same procedures and treatments as described above. The 
experiment was performed three times as three independent replicates and per replicate 70 
larvae were infected for each treatment. Two microliter of hemolymph was collected at 48 hpi 
from each larva as described above. Samples from 50 larvae were pooled in a total volume of 
4 mL PBS containing 0.1% PTU and filtered through a 0.45 µm non-pyrogenic filter to remove 
hemocytes and potential microbial contaminants. The filtered sample was used for virus 
titration. The 50% tissue culture infectious dose (TCID50) was determined using an endpoint 
dilution assay (EPDA) on Se301 cells (Goertz et al., 2016) and scored at 7 dpi for the presence 
of SeMNPV by looking at the cytopathic effect. The results were analyzed for significant 
differences in virus titers by a t test in GraphPad Prism 5 using a 95% confidence interval.  
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Infectivity assays 
To see whether removal of the ptp2 gene of SeMNPV affected viral infectivity, we performed 
infectivity assays to determine the infectivity of WT and Δptp2 SeMNPV in 3rd instar S. exigua 
larvae as described before (Han et al., 2015). Five different concentrations were included for 
each virus, in 6-fold serial dilutions: 1.3 × 106, 2.0 × 105, 3.6 × 104, 6.0 × 103, and 1.0 × 103 
OBs/mL. Infections were performed as described above. Mock-infected larvae fed with a virus-
free solution were used as controls. Larvae were scored for mortality from three dpi onwards 
until all larvae had died or pupated. Larvae that died for other reasons than virus infection were 
excluded from the analysis. The assays were performed three times. The program R v3.0.0 (R 
Core Team, 2013) was used for analyzing the data using a logistic regression model as described 
before (Ros et al., 2015). Treatment was used as a fixed effect and the model followed a 
binomial distribution. 
To compare the time to death for WT and Δptp2 SeMNPV in 3rd instar S. exigua larvae, 48 
larvae were infected with an concentration of 106 OBs/mL, known to kill at least 90% of 
infected larvae as described above. Mock-infected larvae were included as controls. Larvae 
were checked for mortality twice per day as described above and three independent replicates 
were performed. The effects of treatment and experiment on time to death were analyzed using 
Cox’s proportional model in the program R as described before (Ros et al., 2015). Since most 
larvae died as 3rd instars, larval stage was excluded as a factor in the model. LT50 values were 
calculated in R. 
Determination of OB yields 
Five larvae were randomly selected from each LT50 assay to determine the OB yield/larva. In 
total, 15 larvae were used for each virus (WT and Δptp2 SeMNPV). The cadavers were 
individually homogenized in 0.5 mL sterile water and then filtered through a double layer of 
cheese cloth. The filtrate was centrifuged at 6000 rpm for 5 min. The supernatant was discarded 
and the pellet was resuspended in 0.5 mL sterile water. OB yield/larva was calculated by 
counting the number of OBs in 10 µL virus solutions using a Bürker–Türk hemocytometer. The 
counting was performed three times and the average was used for calculating the OB yield per 
larva. The OB yield was analyzed (virus treatment was used as a fixed factor) by a t test in 
GraphPad Prism 5 using a 95% confidence interval.  
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Results 
Transient expression of SeMNPV ptp2 in Sf21 cells induces mild apoptosis  
Since the protein tyrosine phosphatase gene (ptp-H2) from the polydnavirus MdBV showed 
pro-apoptotic effects on host cells, we hypothesized that SeMNPV ptp2 might function in a 
similar way. To investigate the pro-apoptotic effects of the SeMNPV ptp2 gene, we performed 
transient expression assays in Sf21 cells, using plasmids from which ptp2 was expressed 
together with EGFP (see Figure 1A). Based on the number of EGFP-expressing cells, 
transfection efficiencies were estimated to be 40-50% for each tested plasmid. The negative 
controls included mock-transfected cells, cells transfected with the modified ‘empty’ 
expression vector pIB-DESTmod (to check whether expression vector itself induces apoptosis 
in transfected cells), and cells transfected with pIB-EGFP expressing only EGFP, and in these 
treatments the cells did not show signs of apoptosis (Figure 1B; Figure S1). As a positive control, 
cells transfected with pIB-EGFP were treated with the strong apoptosis inducer ActD and 
morphological changes characteristic for apoptotic cells (cell blebbing and formation of 
apoptotic bodies) were observed (Figure 1B; Figure S1). Similarly, cell blebbing and apoptotic 
bodies were observed in cells transfected with pIB-SePTP2, but to a lesser extent compared 
with cells treated with ActD (Figure 1B; Figure S1). In contrast, cells transfected with pIB-
SePTP2mut, expressing a catalytic mutant of PTP2, did not show the formation of apoptosis 
and appeared healthy (Figure 1B; Figure S1). Signs of apoptosis were not observed in cells 
transfected with pIB-AcPTP, coding for the distantly related AcMNPV PTP gene (Figure S1). 
These results indicate that transient expression of SeMNPV PTP2 caused apoptosis in Sf21 
cells. Since transfection with the catalytic mutant did not result in apoptotic cells, we conclude 
that the phosphatase activity of SePTP2 is needed to induce apoptosis.  
Chapter 5  Baculovirus PTP2 functions as a pro-apoptotic protein 
88 
 
 
Figure 1. Transient expression of the Spodoptera exiguaprotein tyrosine phosphatase 2 (SePTP2) 
induced mild apoptosis in Sf21 cells. (A) Overview of the expression cassette in the pIB-DEST 
vector: egfp and the gene of interest were separated by the foot and mouth disease virus (FMDV) 2A 
region and expression of the cassette was driven by the OpIE2 promoter; (B) EGFP expression in Sf21 
cells at 48 h post-transfection (hpt) with pIB-EGFP + ActD (ActD + EGFP), pIB-EGFP (EGFP), pIB-
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SePTP2 (SePTP2), or pIB-SePTP2mut (SePTP2mut), respectively. Apoptotic bodies are indicated by 
white circles and arrows, scale bar = 200 µm; (C) caspase activity levels in Sf21 cells transfected with 
pIB-EGFP + ActD (ActD + EGFP), pIB-SePTP2 (SePTP2), pIB-SePTP2mut (SePTP2mut), pIB-AcPTP 
(AcPTP), pIB-EGFP (EGFP), pIB-DESTmod (DESTmod) and mock. Caspase 3/7 activity in transfected 
Sf21 cells was measured as relative luminescent units (RLUs) at 48 hpt, relative to a blank containing 
cell medium. Error bars represent the standard error of the mean. Treatment groups marked with a 
different letter (a, b, c or d) are significantly different (Table S2). 
SePTP2 induces apoptosis by caspase activation 
Caspases are a family of cysteine proteases that play an essential role during the induction of 
apoptosis. To study whether caspases are activated in the presence of PTP2, we measured the 
activity of the effector caspases 3 and 7 at 48 hpt. This activity was quantified by interaction of 
the effector caspases 3 and 7 with caspase-glo 3/7 substrates, which generates a luminescent 
signal (expressed in RLUs). The positive control expressing EGFP in the presence of ActD 
(ActD + EGFP) showed the highest caspase activity, corresponding to approximately 430,000 
RLUs (Figure 1C). This level of activity was significantly higher compared to all other 
treatments (P < 0.001 for all comparisons; Table S2). Cells expressing SePTP2 showed caspase 
activity levels of approximately 120,000 RLUs (Figure 1C), which was significantly lower than 
for the ActD + EGFP treatment (P < 0.001), but significantly higher than for the other 
treatments (P < 0.005 for all comparisons; Table S2), except for AcPTP (P = 0.149). Mutation 
of the SePTP2 catalytic domain decreased the caspase activity level significantly to 
approximately 54,000 RLUs (P < 0.001). Cells transfected with pIB-EGFP and pIB-DESTmod, 
showed similar low levels of caspase activity as cells transfected with pIB-SePTP2mut (Figure 
1C; P = 1.000 for both comparisons). For both replicates, cells transfected with a pIB-DEST 
vector (ActD + EGFP, SePTP2, SePTP2mut, AcPTP, EGFP, or DESTmod) showed higher 
levels of caspase activity than the mock transfection (Figure 1C; P < 0.001 for all comparisons; 
Table S2). The results indicate that caspase activities were significantly higher in cells 
transfected with pIB-SePTP2 than cells transfected with other plasmids (except for cells 
transfected with pIB-AcPTP), supporting the conclusion that SePTP2, but also AcPTP, induces 
mild apoptosis upon transient expression in Sf21 cells. However, for AcPTP, no visual signs of 
apoptosis (apoptotic bodies or cell blebbing) were observed (Figure S1). 
To confirm the involvement of caspases in SePTP2-induced apoptosis, we repeated the 
transfection experiment with pIB-SePTP2 in the presence or absence of the caspase inhibitor 
Z-VAD-FMK. In the absence of caspase inhibitor, cells transfected with pIB-SePTP2 again 
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showed induction of apoptosis (Figure 2A). However, the presence of the caspase inhibitor 
blocked the induction of apoptosis: cells appeared to be healthy and cell blebbing and apoptotic 
bodies were not observed (Figure 2B). These data provide further evidence that SePTP2 induces 
apoptosis in Sf21 cells via caspase activation.  
 
Figure 2. Caspase inhibitor Z-VAD-FMK blocked induction of apoptosis in Sf21 cells expressing 
SePTP2. EGFP expression in Sf21 cells at 48 h post transfection with pIB-SePTP2 (A) or with pIB-
SePTP2 + Z-VAD-FMK (B). Apoptotic bodies are indicated by white circles and arrows, scale bar = 
200 µm. 
Deletion of the ptp2 gene reduces SeMNPV-induced apoptosis in S. exigua hemocytes 
To investigate whether SePTP2 also has a pro-apoptotic effect in hemocytes of S. exigua larvae, 
a mutant SeMNPV virus lacking the ptp2 gene (∆ptp2 SeMNPV) was created. Hemocytes were 
collected from WT and ∆ptp2 SeMNPV-infected larvae at 48 hpi and then stained with Annexin 
V-EGFP (to stain apoptotic cells) and Hoechst (to stain the nuclei of all collected cells). 
Fluorescence microscopy analysis showed that WT SeMNPV also induced apoptosis in S. 
exigua hemocytes: The green Annexin V-EGFP signal was observed in many cells, indicating 
that these cells went into apoptosis (Figure 3). In contrast, hemocytes isolated from ∆ptp2 
SeMNPV-infected and mock-infected larvae showed a much lower number of green cells, 
indicating apoptosis was induced at a much lower level by these treatments (Figure 3).  
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Figure 3. Fluorescence microscopy analysis of cells in S. exigua hemocytes at 48 h post transfection. 
Cells were stained with Hoechst (left panel) and Annexin V-EGFP (middle panel). Cells were obtained 
from larvae infected with wild-type (WT) Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV), 
∆ptp2 SeMNPV or no virus (mock), scale bar = 200 µm. 
To confirm the expression of ptp2 in WT SeMNPV-infected larvae and to verify the absence 
of a full-length ptp2 transcript in ∆ptp2 SeMNPV-infected larvae, an RT-PCR was performed 
on total RNA extracted from mock- and virus-infected individual larvae at two dpi. As expected, 
a full-length ptp2 transcript was present in WT SeMNPV-infected larvae and absent in mock-
infected larvae (Figure 4, right panel, lanes 1 and 2). Partial deletion of 354 bp within the ptp2 
ORF in ∆ptp2 SeMNPV resulted in a smaller product (Figure 4, right panel, lane 3) The 
SeMNPV ie1 gene, included as a control to check for successful virus infection (Figure 4, 
middle panel), was expressed in all virus-infected larvae and absent in mock-infected larvae. 
An RT-PCR targeting the mRNA of the S. exigua eIF5A gene was included as a control for 
correct RNA extraction and cDNA synthesis, and as expected eIF5A was expressed in both 
virus- and mock-infected larvae (Figure 4, left panel). 
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Figure 4. The full-length ptp2 gene is expressed in WT SeMNPV-infected but not in ∆ptp2 SeMNPV-
infected S. exigua larvae. RT-PCR analysis of mock-infected (1), WT SeMNPV-infected (2), or 
∆ptp2 SeMNPV-infected (3), S. exigua larvae processed for RT-PCR analysis at two days post infection. 
For each PCR a WT SeMNPV bacmid control (4) and a water control (5) were included. Expression of 
the host eIF5A gene, the SeMNPV ie1 gene and the SeMNPV ptp2 gene were analyzed. For each RT 
sample, a PCR without RT step (non-RT) was performed in parallel. The 2-Log DNA Ladder (0.1–10.0 
kbp, New England BioLabs Inc. Ipswich, MA, USA) was used in the agarose gel to estimate PCR 
fragment sizes. 
Virus infectivity was not affected by deleting the ptp2 gene 
To determine whether deletion of the ptp2 gene affected the production of infectious budded 
viruses (BVs), hemolymph of WT and ∆ptp2 SeMNPV-infected larvae was collected at 48 hpi 
and the infectious BV titer was measured as the TCID50 value for Se301 cells for three 
biological replicates. The BV titers were not significantly different between the two treatments 
at 48 hpi (t test = 1.314; d.f. = 4; P = 0.2592), indicating that deletion of the ptp2 gene did not 
affect the production of infectious BVs (Table S3).  
To study whether deletion of the viral ptp2 gene affected viral infectivity, we performed a 
logistic regression on the mortality data obtained after infecting S. exigua third instar larvae 
with WT and ∆ptp2 SeMNPV, for each replicate separately. The ratio of infectivity of ∆ptp2 
SeMNPV to WT SeMNPV (odds ratio) was determined. In all three replicates, the infectivity 
of WT and ∆ptp2 SeMNPV were not significantly different (judged by overlap of 95% 
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confidence interval of the odds ratio; Table S4). There were no significant differences in 
mortality between the three replicates.  
We then investigated whether deletion of the viral ptp2 gene affected the time to death for 
infected third instars of S. exigua, using a survival analysis. The Cox’s proportional hazards 
model was used to determine the mortality rate (hazard rate, rate at which larvae died) for WT 
and ∆ptp2 SeMNPV. Treatment and experiment were included as factors. The mortality rate 
for larvae infected with mutant virus was similar to that of WT SeMNPV-infected larvae (ratio 
of 1.05; z = 0.375; P = 0.721). There were no significant differences between the three 
replicates. 
Deletion of the ptp2 gene decreases SeMNPV OB yields 
To determine the effect of deletion of the ptp2 gene on the total OB yield, we randomly selected 
15 cadavers from WT and ∆ptp2 SeMNPV-deceased larvae. The OB yield of individual larvae 
was counted using a Bürker–Türk hemocytometer. The OB yield from larvae killed by WT 
SeMNPV was significantly higher that from larvae killed by ∆ptp2 SeMNPV, in which the OB 
yield was decreased by 34% (Figure 5; t test = 2.583; d.f. = 28; P < 0.05). Though deletion of 
the ptp2 gene did not affect virus infectivity nor the time to death, the OB yield was lower for 
larvae infected with the mutant SeMNPV lacking ptp2. 
 
Figure 5. Occlusion body (OB) yield is significantly reduced in S. exigua larvae infected with ∆ptp2 
SeMNPV compared to larvae infected with WT SeMNPV. Data points represent the OB yield of 
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individual larvae. Horizontal lines show the mean value of OB yield and whiskers the standard error of 
the mean. Asterisk indicates significant difference (t test, P < 0.05). 
Discussion 
Many viruses carry genes that are involved in inducing apoptosis in host-derived cell lines 
(Chitnis et al., 2011; Clem, 2001; Han et al., 2009; Prikhod'ko and Miller, 1996; Suderman et 
al., 2008), such as the ptp-h2 gene from MdBV, which induces apoptosis in Sf21 cells 
(Suderman et al., 2008). The baculovirus SeMNPV carries a protein tyrosine phosphatase gene 
(ptp2) which contains the same catalytic domain as ptp-h2, therefore, we tested whether 
SeMNPV ptp2 has a pro-apoptotic function as well. To test this hypothesis we took advantage 
of Sf21 cells, which are known to undergo apoptosis upon different stimuli (Clem et al., 1991). 
Sf21 cells transfected with a plasmid expressing SePTP2 showed morphological signs of 
apoptosis and increased levels of caspase activity. However, Se301 cells, Trichoplusia ni High 
Five cells and Drosophila S2 cells transfected with the pIB-SePTP2 plasmid did not undergo 
apoptosis (data not shown), indicating that the pro-apoptotic effect of SePTP2 might be 
restricted to certain cell types. Similar results were found for MdBV PTP-H2 as well; PTP-H2 
induced apoptosis in Sf21 cells, but not in granulocytes or plasmatocytes of S. frugiperda larvae, 
T. ni High Five cells or Drosophila S2 cells (Suderman et al., 2008). More interestingly, some 
viruses even induce apoptosis in one cell type, but block apoptosis formation in another cell 
type. For example, Herpes simplex virus (HSV) induces apoptosis in Jurkat cells, a T-cell 
leukemia line, but protected HEp-2 cells (a carcinoma cell line) from apoptosis triggered by 
tumor necrosis factor alpha (Han et al., 2009). To our knowledge, there is no explanation so far 
why a viral gene induces apoptosis in one cell type, but not in another cell type. A possible 
explanation is that certain regulatory pathways are not active in cell types in which apoptosis is 
not induced. As a result, the pro-apoptotic effect of viral genes is restricted to certain cell types 
or host tissues.  
Our data showed a significantly increased caspase activity in transfected cells expressing 
SePTP2. In addition, the phosphatase activity of SePTP2 was needed to activate the effector 
caspases. Cells expressing the distantly related baculovirus PTP (AcPTP) also showed 
increased caspase activity; however, apoptosis was not observed in these cells (absence of cell 
blebbing and apoptotic bodies), indicating that the pro-apoptotic effect was not an overall effect 
of transient expression of baculovirus PTPs. Similar results were also observed for MdBV; 
MdBV encodes 13 different PTPs, but only PTP-H2 showed a pro-apoptotic effect in Sf21 cells 
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(Pruijssers and Strand, 2007; Suderman et al., 2008). SePTP2 protein possesses a C-terminal 
consensus sequence that is characteristic for MAPK phosphatases, which remove the phospho-
residue from MAPKs. There are three major MAPK pathways: extracellular signal-regulated 
kinase (ERK), c-Jun N-terminal kinase (JNK) and p38. All three pathways have been reported 
to be involved in regulating apoptosis (Abdelwahid et al., 2007; Kim et al., 2008; Porras et al., 
2004). Therefore, SePTP2 may induce apoptosis by regulating MAPK activity in cells. Further 
studies are needed to identify the substrates of SePTP2 to confirm this.  
In our study, deletion of the ptp2 gene severely reduced SeMNPV-induced apoptosis in S. 
exigua hemocytes, while the SeMNPV BV titer, virus infectivity and time to death were not 
affected upon deletion of ptp2. However, the OB yield was significantly higher from larvae 
infected with WT SeMNPV than from larvae infected with ∆ptp2 SeMNPV. A previous study 
on BmNPV showed that ERK- and JNK-dependent signaling pathways contribute to BmNPV 
virus yield; knocking down the Bombyx mori erk or jnk genes reduced the production of both 
OBs and BVs (Katsuma et al., 2007). However, whether (and which) viral genes are involved 
in activating the host ERK- and JNK-pathways during a BmNPV infection is not known. 
SePTP2 may function as a MAPK phosphatase that regulates host MAPK pathways that 
eventually affect OB yield in infected hosts. Virus-induced apoptosis is normally regarded as a 
defense mechanism against virus infection; however, some viruses stimulate apoptosis in 
immune cells to maximize viral fitness and transmission (Clarke and Tyler, 2009; Jaworska et 
al., 2014). For example, the influenza A virus (IAV) induces apoptosis in innate immune cells 
at the early stage of infection to subvert host immunity (Jaworska et al., 2014). Similar results 
were also found in MdBV infected S. frugiperda larvae (Suderman et al., 2008). We 
hypothesize that the induction of apoptosis by SeMNPV PTP2 suppresses the S. exigua larval 
immune system and by doing so the infected larvae accumulate more OBs. These higher OB 
yields most likely benefit virus dissemination, and hence transmission. 
It seems contradictory that viruses carry both anti-apoptotic and pro-apoptotic genes. 
Baculoviruses are known to produce anti-apoptotic proteins (e.g., P35 and IAP) to suppress or 
delay apoptosis (Clem, 2001). For example, besides SePTP2, SeMNPV also encodes the anti-
apoptotic proteins IAP2 and IAP3 (Wu et al., 2016; Zhu et al., 2008). However, anti-apoptotic 
and pro-apoptotic genes may function via different pathways. While anti-apoptotic genes 
counteract host-induced apoptosis (which interferes with viral replication in general), allowing 
the virus to replicate and eventually increasing virus progeny, pro-apoptotic genes might serve 
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to suppress the host immune system by targeting specific cell types. Future studies should show 
whether the induction of apoptosis in S. exigua larvae is restricted to hemocytes.  
Overall, we conclude that the SeMNPV ptp2 gene functions as a pro-apoptotic gene in cultured 
Sf21 insect cells, inducing mild apoptosis, and that the phosphatase activity of SePTP2 is 
needed for this process. Furthermore, we showed that the SeMNPV ptp2 gene is involved in 
inducing apoptosis in host hemocytes. Viral suppression of host immunity eventually 
contributes to a higher OB yield.  
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Supplementary Materials 
Table S1. Primers used in this study.  
Primer 
number 
Primer name Sequence Aim 
1 pIB-
DESTmod-
fw 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTG
GGAAGCTTAAATGTACAGCAGGCTC 
 
Amplify Acgp64 segment with attB1 and 
HindIII site 
2 pIB-
DESTmod-
rv 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTC
ATTCAGACTGGTGCCGACG 
 
Amplify Acgp64 segment with attB2 site 
3 pIB-Acptp-
fw 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTG
GGAAGCTTATGTTTCCCGCGCGT 
Amplify Acptp ORF with attB1 and 
HindIII site 
4 pIB-Acptp-
rv 
 
GGGGACCACTTTGTACAAGAAAGCTGGG
TTTAAATTAATAAATCTTGAACGTAATTTTG
TC 
Amplify Acptp ORF with attB2 site 
5 pIB-Septp2-
fw 
GGGGACAAGTTTGTACAAAAAAGCAGGCTG
GGAAGCTTATGCATACTAACGACGACAAC 
Amplify Septp2 and Septp2C110S ORF with 
attB1 and HindIII site 
6 pIB-Septp2-
rv 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTTC
AAAATTCCATTTGTGATTCGGC 
Amplify Septp2 and Septp2C110S ORF with 
attB2 site 
7 ptp2C110S-
fw1 
 
GGCGAGGGCAAAAGGGTGTACGTTCATAG
CCATGCGGGCGTGTCG 
Create C110S mutation in SePTP2 
catalytic site 
8 ptp2C110S-rv  
TCAAAATTCCATTTGTGATTC 
Amplify Septp2 ORF 
9 ptp2C110S-
fw2 
 
ATGCATACTAACGACGACAAC 
Amplify Septp2 ORF 
10 Δptp2-fw  
ATTATAGTTTACGTCGCCGACGAAACAATC
ATTGATATCGTGGACACGAGCTCGGATCCA
CTAGTAACGG 
Create ptp2 ORF deletion  
11 Δptp2-rv  
ACTATGCATACTAACGACGACAACTTTACG
CAACTGTCCAACGGAAACTGCCTCTAGATG
CATGCTCGAG 
Create ptp2 ORF deletion 
12 Δptp2-
check-fw 
 
ATGTGTGCTCTTCGTCAGATG 
Check ptp2 ORF deletion and RT-PCR on 
SeMNPV ptp2 
13 Δptp2-
check-rv 
 
TTCAATATAATAAGAAGAACACTATGCATA
CT 
Check ptp2 ORF deletion and RT-PCR on 
SeMNPV ptp2 
14 Se-eIF5A-fw  
GCCATGGCTGACATCGAGGATAC 
 
RT-PCR on S. exigua eIF5A 
15 Se-eIF5A-rv  
GCGGTACCGGTTTATTTGTCGAGAGC 
RT-PCR on S. exigua eIF5A 
16 Se-ie1-fw  
GACAAGAATGACGATGATATCGG  
RT-PCR on SeMNPV ie1 
17 Se-ie1-rv  
GGACAATTGCTTTTCCGAAAAC 
RT-PCR on SeMNPV ie1 
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Table S2: TCID50 value in the hemolymph of WT- and ∆ptp2- infected larvae at 48 hpi 
 Replicate 1 
(TCID50/ml) 
Replicate 2 
(TCID50/ml) 
Replicate 3 
(TCID50/ml) 
WT SeMNPV 8.91*106 1.20*107 2.11*107 
∆ptp2 SeMNPV 1.99*107 1.58*107 4.47*107 
 
Table S3: Outcome of the logistic regression analysis of the infectivity assays. Per replicate, an odds 
ratio (relative potency) was determined: the ratio of the infectivity of ∆ptp2 SeMNPV relative to the 
infectivity of the WT virus. The upper and lower limits of the 95% confidence interval are also given, 
as well as the P value. 
Replicate Viruses Odds ration 95% Confidence Interval  P value 
   Low High  
1 WT SeMNPV 1.000 - - - 
 ∆ptp2 SeMNPV 1.616 0.946 1.419 0.081 
2 WT SeMNPV 1.000 - - - 
 ∆ptp2 SeMNPV 1.393 0.876 2.225 0.163 
3 WT SeMNPV 1.000 - - - 
 ∆ptp2 SeMNPV 1.120 0.687 1.831 0.649 
 
Table S4: Outcome of the logistic regression analysis of the infectivity assays. Per replicate, an odds 
ratio (relative potency) was determined: the ratio of the infectivity of ∆ptp2 SeMNPV relative to the 
infectivity of WT SeMNPV. The upper and lower limits of the 95% confidence interval are also given, 
as well as the P value. 
Replicate Viruses Odds ratio 95% Confidence Interval  P value 
   Low High  
1 WT SeMNPV 1.000 - - - 
 ∆ptp2 SeMNPV 1.616 0.946 1.419 0.081 
2 WT SeMNPV 1.000 - - - 
 ∆ptp2 SeMNPV 1.393 0.876 2.225 0.163 
3 WT SeMNPV 1.000 - - - 
 ∆ptp2 SeMNPV 1.120 0.687 1.831 0.649 
 
Chapter 5  Baculovirus PTP2 functions as a pro-apoptotic protein 
99 
 
 
Chapter 5  Baculovirus PTP2 functions as a pro-apoptotic protein 
100 
 
 
Figure 1. Microscopy analysis of transfected Sf21 cells at 48 hours post transfection (hpt). Left panel 
was the GFP channel, right panel was the brightfield channel. Treatments were ActD+ pIBeGFP, pIB-
SePTP2, pIB-SePTP2mut, pIB-AcPTP, pIB-eGFP, pIB-DESTmod, mock. Apoptosis bodies were 
indicated by white arrows.  
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Abstract 
Baculoviruses contain both protein kinase and phosphatase genes in their genome and protein 
phosphorylation and dephosphorylation plays a significant role during baculovirus replication. 
Autographa californica multiple nucleopolyhedrovirus (AcMNPV) encodes a 19 kDa protein 
tyrosine phosphatase (PTP) enzyme, which in vitro removes phosphate groups from tyrosine, 
serine and threonine residues and which shows a high affinity for RNA substrates. Deletion of 
the ptp gene from the viral genome did not affect virus replication in general, nor virus virulence 
or time to death of infected hosts. On the other hand, previous work has demonstrated that 
AcMNPV PTP induces hyperactivity in infected Spodoptera exigua larvae. To investigate 
which viral and/or host proteins might be targeted by PTP, we performed a co-
immunoprecipitation assay using anti-GFP antibodies to pull down GFP-tagged PTP proteins 
from infected larvae. In total, thirteen viral proteins and five host proteins that co-purified with 
PTP were identified with liquid chromatography–mass spectrometry proteomic analysis. 
Several of these proteins are known to be important for nucleocapsid assembly, nucleocapsid 
transport, ODV envelopment and/or virus dissemination and some of these may potentially be 
involved in PTP-mediated hyperactivity of infected larvae. The results suggest that AcPTP 
functions both as a structural protein and as a phosphatase enzyme. We hypothesize that AcPTP 
may control virus entry into certain host tissues, for example the host brain, ultimately leading 
to the behavioural change in the infected insects.  
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Introduction  
Baculoviruses are a diverse group of viruses that mainly infect insects in the orders Lepidoptera, 
Diptera and Hymenoptera (Jehle et al., 2006; Rohrmann, 2013; Slack and Arif, 2007). 
Baculoviruses contain large, double-stranded, circular, supercoiled genomes. The genomes are 
80 to 180 kb in size and may contain 90 to 180 genes (Slack and Arif, 2007). During an infection 
cycle, two types of virions are formed: budded viruses (BVs) and occlusion-derived viruses 
(ODVs). The BVs are responsible for cell to cell infection and ODVs are responsible for 
infection from individual to individual, as reviewed by Rohrmann (2013). Baculovirus genes 
are categorized into immediate-early, early, late and very late genes. Expression of immediate-
early and early genes prepares for the viral DNA replication initiation and genes for structural 
proteins are mainly expressed in the late stage of infection (Cohen et al., 2009; Slack and Arif, 
2007).  
Protein phosphorylation and dephosphorylation plays a significant role in baculovirus 
replication (Li and Guarino, 2008; Reilly and Guarino, 1994). The most well-studied 
baculovirus, Autographa californica multiple nucleopolyhedrovirus (AcMNPV), encodes two 
protein kinases, PK1 and PK2, with homology to eukaryotic protein kinases (Li and Miller, 
1995). AcMNPV also contains a protein tyrosine phosphatase (ptp) gene in its genome. The ptp 
gene encodes the 19 kDa protein tyrosine phosphatase (PTP) enzyme that contains a HC 
signature motif (Li and Guarino, 2008). The AcPTP enzyme dephosphorylates protein 
substrates at tyrosine, serine and threonine residues in vitro (Sheng and Charbonneau, 1993). 
Moreover, AcMNPV PTP was shown to function as an 5′-RNA phosphatase and has a higher 
affinity for RNA than for protein substrates (Takagi et al., 1998). AcPTP sequentially removes 
γ and β phosphates from the 5′-end of triphosphate-terminated RNA, leaving a 5′-
monophosphate end (Li and Guarino, 2008; Takagi et al., 1998). Ptp genes are present in a 
subset of the alphabaculoviruses, named group I nucleopolyhedroviruses (NPVs). 
Another important function of PTP relates to host behavioural manipulation. Two types of 
behavioural changes are induced in lepidopteran hosts upon baculovirus infection: 
hyperactivity (enhanced locomotion behaviour) and pre-death climbing behaviour (tree-top 
disease), as reviewed by Han et al. (2015b) and van Houte et al. (2013). These behavioural 
changes are thought to optimize virus dissemination. Previous studies have demonstrated the 
involvement of the baculovirus ptp gene in inducing hyperactivity in infected caterpillars 
(Kamita et al. 2005, van Houte et al. 2012). The ptp gene from Bombyx mori 
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nucleopolyhedrovirus (BmNPV) is responsible for inducing hyperactivity in infected B. mori 
larvae (Kamita et al., 2005). These authors demonstrated that the phosphatase activity of the 
encoded BmPTP protein was not needed for this process (Kamita et al., 2005; Katsuma et al., 
2012). The ptp gene from the baculovirus AcMNPV triggers hyperactivity in Spodoptera 
exigua larvae (van Houte et al., 2012). However, in this system, the phosphatase activity of the 
AcPTP protein is required for inducing the altered behaviour, as demonstrated using a PTP 
catalytic-site mutant. Hosts infected with this catalytic mutant did not become hyperactive (van 
Houte et al., 2012). The fact that the phosphatase activity of AcPTP is required for inducing 
hyperactivity in S. exigua larvae suggests that host or viral proteins serve as substrate(s) for the 
AcMNPV PTP enzyme and that dephosphorylation of the substrate(s) eventually leads to 
altered host behaviour.  
In the current study, we aim to identify host and viral proteins that interact with AcMNPV PTP. 
To identify potential substrates, a so-called “substrate trapping” approach was used (Jia et al., 
1995). In this approach, a mutant PTP enzyme is used in which the cysteine residue in the PTP-
signature motif (HC) is mutated into an alanine. The mutation ensures proper binding of 
substrates, while the subsequent catalysis does not happen, thus trapping the substrate in the 
binding pocket of the mutant PTP protein (Jia et al., 1995). Green fluorescent protein (GFP) 
was added to the PTP protein as a tag for protein purification. Co-immunoprecipitation (Co-IP) 
using anti-GFP antibodies was performed on infected larvae, and subsequently the co-purified 
proteins were identified by tandem mass spectrometry (MS/MS). Both viral and host proteins 
were identified by this approach. We discuss the function of these proteins and speculate on 
their potential role in the baculovirus infection cycle and baculovirus-induced hyperactivity.  
 
Material and Methods 
Insects and insect cell culture  
Spodoptera exigua larvae were reared on artificial diet as described before (Han et al., 2015a). 
Spodoptera frugiperda 9 (Sf9) cells (Sigma-Aldrich) were maintained as monolayers in Sf900II 
serum-free medium (Invitrogen) supplied with 5% fetal bovine serum (FBS) (Invitrogen) and 
0.1% gentamycin (50 µg/mL, Invitrogen).  
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Generation of recombinant bacmids 
An AcMNPV bacmid with a deletion of the ptp gene (∆ptp), derived from the wildtype (WT) 
bacmid, was previously provided by Linda Guarino of Texas A&M University, USA (Li and 
Guarino, 2008), and was used as a backbone to produce the various PTP constructs. To enable 
purification of the (mutated) AcMNPV PTP protein from infected larvae, recombinant bacmids 
were created that would produce the PTP protein as a fusion to GFP (Figure 1A). To this aim, 
four recombinant bacmids were created: two bacmids producing PTP proteins with either a C- 
or an N-terminal GFP-tag, and the other two bacmids producing a PTP catalytic mutant (PTPM) 
protein, again with either a C- or an N-terminal GFP-tag. In the PTPM mutant the cysteine (C) 
in the PTP HC signature motif was exchanged for an alanine (A) triplet (ptpC119A). An additional 
recombinant bacmid to make non-fused GFP was also constructed and served as a negative 
control (Figure 1A).  
Two-step PCR amplifications were performed to make constructs encoding PTP or the PTPM 
protein with an N-terminal GFP tag. In the first PCR step, the gfp ORF was amplified from the 
plasmid CHIKrep-pac2AGFP (Fros et al., 2010) using primers 1 and 2 (Supplementary Table 
S1). Simultaneously, the ptp and ptpm ORFs were amplified, respectively, from the WT 
AcMNPV E2 bacmid (Smith and Summers, 1979) and the plasmid pFBDpolh Pgp64 ptpC119A 
(van Houte et al., 2012), using primers 3 and 4 (Supplementary Table S1). Primers 2 and 4 both 
had 40 nt overhangs, so that the last 40 bp of the resulting gfp product was complementary to 
the first 40 bp of the resulting ptp and ptpm products. In the second round of PCR amplification, 
the products from the first PCR step were used as templates (1:1 molar ratio) and combined 
with primers 1 and 4 (Supplementary Table S1) to generate the gfp-ptp and gfp-ptpm fragments.  
To make constructs encoding PTP or PTPM protein with a C-terminal GFP tag a similar 
approach was used. Two-step fusion PCRs were conducted to create the ptp-gfp or ptpm-gfp 
fusion products. In the first PCR step primers 5 and 6 (with 42 nt overhang; Supplementary 
Table S1) were used to amplify the ptp and ptpm ORFs. Primers 7 (with 42 nt overhang) and 8 
(Supplementary Table S1) were used to amplify the gfp ORF. The last 42 bp of the resulting 
ptp or ptpm products was complementary to the first 42 bp of the resulting gfp products. In the 
second PCR, the ptp-gfp or ptpm-gfp fragments were generated by using the first step PCR 
products as templates (1:1 molar ratio) combined with primers 5 and 8 (Supplementary Table 
S1). The gfp fragment for the negative control bacmid was amplified from the plasmid 
CHIKrep-pac2AGFP (Fros et al., 2010) using primers 1 and 8.  
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Subsequently, all five fragments (gfp-ptp, gfp-ptpm, ptp-gfp, ptpm-gfp and gfp) were cloned 
into the pFBDpolh Pgp64 plasmid between the NheI and NsiI restriction sites. By using this 
plasmid, the expression of the fusion-constructs will be controlled by the AcMNPV gp64 
promoter (Pgp64), which is active early and late during the infection (Whitford et al., 1989). The 
pFBDpolh Pgp64 vector was derived from pFBDpolh∆p10 (Peng et al., 2010) in which the 
AcMNPV polyhedrin (polh) ORF had been inserted downstream of the polh promoter and the 
p10 promoter was removed. The AcMNPV Pgp64 promoter was cloned between the NcoI and 
NheI restriction sites remaining from the original p10 MCS to make the pFBDpolh Pgp64 vector. 
To create the five recombinant bacmids, bac-to-bac transposition (Luckow et al., 1993) was 
performed using the AcMNPV ∆ptp backbone described above. 
Proliferation and purification of virus  
To obtain recombinant viruses, Sf9 cells were transfected with the recombinant bacmids using 
Expres2TR reagent (Expres2ion Biotechnologies). The BVs produced were amplified once in 
Sf9 cells. Viral occlusion bodies (OBs) were produced in Sf9 cells by infecting cells with an 
MOI of 5 TCID50 units per cell. An OB stock was generated by feeding OB pellets collected 
from cell debris to S. exigua fourth instars using the droplet feeding method (van Houte et al. 
2012). OB purification was performed as described before (Han et al., 2015a).  
Sample preparation and LC-MS/MS measurements  
Newly moulted S. exigua third instars were infected with a concentration of 108 OBs/ml using 
droplet feeding (van Houte et al., 2012). All assays consisted of three biological replicates. 
Forty-eight hours post infection (hpi), five infected larvae were collected, pooled and 
homogenized using a plastic pestle in 500 µl lysis buffer (10 mM Tris pH 7.5, 1% NP40, 150 
mM Nacl, 20% glycerol, 1 mM DTT, proteinase inhibitor). GFP-tagged proteins were purified 
using the µMACS™ Epitope Tag Protein Isolation Kit (Miltenyi Biotech) as described in 
Wendrich et al. (2017). Proteins were eluted in pre-heated elution buffer from the kit. The 
precipitation experiments were conducted three times from the same starting materials. Equal 
volumes of eluted samples were loaded onto 12% SDS-PAGE gels and stained with Coomassie 
Brilliant Blue. All samples were run for approximately 3 cm into the gel. The entire running 
gel lane was excised from top to bottom and divided into three equal fractions.  
Sample preparation before liquid chromatography–mass spectrometry (LC-MS/MS) 
measurement was performed as described in Shevchenko et al. (2006). Briefly, each gel fraction 
was cut into small pieces (~1 mm3) that were washed with ammonium bicarbonate (ABC) 
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buffer and then with ABC buffer/50% acetonitrile (ACN). Subsequently, protein reduction and 
alkylation were performed using dithiothreitol (20 mM check) and iodoacetamide (20 mM 
check). Before in-gel digestion, gels were washed with ABC and ACN again. In-gel digestion 
and LC-MS/MS measurement were conducted as described before (Shevchenko et al., 2006).  
Protein identification, quantification and normalization  
For MaxQuant identification, an AcMNPV and an S. exigua database were downloaded from 
www.uniprot.org. A common contaminants database containing e.g. Trypsins (P00760, bovin 
and P00761, porcin) and human keratins [Keratin K22E (P35908), Keratin K1C9 (P35527), 
Keratin K2C1 (P04264) and Keratin K1CI (P35527)] as well as an S. exigua protein database 
based on Illumina HiSeq created data were included in the searches. The normal logarithm was 
taken from protein Label-free quantification (LFQ) MS1 intensities as obtained from MaxQuant 
(Bielow et al., 2016). Zero “Log LFQ” values were replaced by a value of 4.0 (somewhat lower 
than the lowest measured value) to make sensible ratio calculations possible. Relative protein 
quantitation of sample to control was done with Perseus module (available at 
www.MacQuant.org) by applying a two sample T-test using the “LFQ” columns obtained with 
false discovery rate set to 0.05 and S0 set to 1. The nano LC-MS/MS system quality was 
checked with A Quality Control pipeline for Proteomics (PTXQC) using the MaxQuant result 
files (Bielow et al., 2016).  
 
Results  
GFP-tagged PTP proteins made in larvae 
To enable GFP-tag purification of the AcMNPV PTP protein from infected larvae, four 
different recombinant bacmids were created, two producing the PTP protein fused to GFP either 
at the N- or the C-terminus (GFP-PTP and PTP-GFP), and the other two producing a catalytic 
mutant of the PTP protein (C119A) fused to GFP either at the N- or the C-terminus (GFP-
PTPM and PTPM-GFP) (Figure 1A). As a negative control an AcMNPV bacmid that lacked 
the ptp gene and encoded non-fused GFP was used (GFP; Figure 1A). Subsequently, S. exigua 
larvae were infected with recombinant viruses generated with these bacmids, and proteins were 
purified from infected larvae at 48 hpi via a Co-IP using anti-GFP antibodies. SDS-PAGE 
followed by Western blot analysis using anti-GFP antibodies confirmed the presence of GFP-
tagged proteins in the eluted protein fractions (Figure 1B). For the GFP control sample, a clear 
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band at app. 31 kDa corresponding to the expected size of GFP appeared on the blot (Figure 
1B, GFP) indicating that free GFP was produced as expected. Sharp bands at app. 50 kDa 
corresponding to the various GFP-tagged PTPs were detected for the other four samples (Figure 
1B, GFP-PTP, GFP-PTPM, PTP-GFP and PTPM-GFP), indicating GFP-tagged PTPs were also 
produced. Additionally, a band of slightly larger size than the free GFP band was observed in 
these samples (Figure 1B, GFP-PTP, GFP-PTPM, PTP-GFP and PTPM-GFP), most likely 
representing degradation products from the GFP-tagged PTP proteins. The position of GFP (N- 
or C-terminally of PTP) did not affect the level of production of the fusion protein. Since the 
samples PTP-GFP and PTPM-GFP showed less degradation products when the same amount 
of starting material was used, only the samples PTP-GFP and PTPM-GFP were used for the 
subsequent LC-MS/MS measurements. 
Proteomic analysis  
In the results of LC-MS/MS, unique peptides derived from GFP were detected in all samples 
(PTP-GFP, PTPM-GFP and GFP), and their abundance was not significantly different between 
the samples (Figure 2A and 2B). Peptides derived from PTP were detected in the samples PTP-
GFP and PTPM-GFP and their abundance was significantly higher than in the non-fused GFP 
control (in which PTP was absent due to the use of a ptp deletion bacmid) (Figures 2A and 2B). 
When comparing the sample PTP-GFP with the GFP control, eleven AcMNPV proteins and 
four host proteins were co-purified specifically with PTP (Table 1 and Figure 2A). When 
comparing the sample PTPM-GFP with the GFP control, ten other AcMNPV virus proteins and 
three host proteins were co-purified specifically with PTPM (Table 1 and Figure 2B). Eight 
AcMNPV proteins and one S. exigua protein were identified in both comparisons (Table 1). 
Unexpectedly, the abundance of proteins co-purified with PTP was not significantly different 
between the samples PTP-GFP and PTPM-GFP, despite the putative trapping abilities of the 
mutant (Supplementary Figure S1). Below, we describe what is known on the functions of each 
of the identified viral and host proteins and discuss potential links with the function of 
AcMNPV PTP and its role in the baculovirus infection cycle and the induction of altered host 
behaviour.  
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Figure 1. (A) Overview of the recombinant AcMNPV bacmids used for the substrate analysis. GFP was 
added to either the N- or the C-terminus of PTP and PTPM. A negative control expressing non-fused 
GFP was included. PTP fusion proteins and non-fused GFP were driven by the GP64 promoter (Pgp64). 
The polyhedrin gene (polh) and polyhedrin promoter (Ppolh) were reinserted into the bacmid to enable 
oral infection of S. exigua larvae. (B) Western blot detection on eluted protein fractions from GFP-tag 
purifications of virus infected larvae. Larvae were infected with the five different viruses (see A), M = 
marker. 
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Viral proteins involved in nucleocapsid assembly and transport that co-purified with PTP and 
PTPM 
Several viral proteins identified in this study as interaction partners (and possible substrates) of 
PTP have known functions in nucleocapsid assembly (VP39, VP1054 and BV/ODV-C42) 
and/or progeny nucleocapsid transport (AC66, VP39, VP80, and ODV-EC27). Many of these 
proteins interact with infected-cell structures that play an important role in baculovirus 
nucleocapsid assembly, such as the virogenic stroma and nuclear filamentous-actin (F-actin). 
The virogenic stroma is a virus-induced nuclear structure in which the viral transcription, DNA 
replication and nucleocapsid assembly occurs (Kool et al., 1995; Lu and Miller, 1995; Volkman, 
1988). Upon baculovirus infection actin is dramatically rearranged and forms a three-
dimensional nuclear network of F-actin connecting the virogenic stroma with the nuclear 
envelope (Volkman, 1988, 2007; Xeros, 1956). This F-actin is needed for proper nucleocapsid 
assembly and later on for transport of progeny nucleocapsids (Li et al., 2010; Marek et al., 2011; 
Volkman, 2007). Below, the order in which the identified proteins are described is based on the 
corresponding ORF number (lowest to highest) in the AcMNPV genome (Ayres et al., 1994). 
When multiple identified proteins might be involved in the same process, the potential link of 
AcPTP with these proteins is discussed together.    
VP1054 (ORF54) is encoded by a baculovirus core gene and is a minor capsid protein present 
in both BVs and ODVs (Wu et al., 2008). VP1054 is required for nucleocapsid assembly. More 
precisely, VP1054 plays an important role in transporting the capsid protein VP39 to the 
nucleocapsid assembly site. Deletion of VP1054 leads to the formation of abnormally elongated 
capsid structures and to reallocation of VP39 to the periphery of the nucleus instead of to the 
virogenic stroma (Guan et al., 2016). Additionally, VP1054 functions as a virally encoded 
PURα-like protein (a DNA- and RNA-binding protein with specificity for GGN repeats) and is 
required for proper viral DNA encapsidation (Marek et al., 2013).   
BV/ODV-C42 (ORF101) is a protein of 42 kDa in size and encoded by a gene transcribed in 
the late stage of infection, see review by Cohen et al. (2009). Homologues of bv/odv-c42 gene 
are present in all sequenced baculoviruses except for CuniNPV (Slack and Arif, 2007). The 
encoded protein is a component of the nucleocapsids of both BVs and ODVs (Braunagel et al., 
2001). Deletion of this gene (ac101) from the AcMNPV bacmid does not affect viral genome 
replication, but infectious particles are no longer produced. Only immature nucleocapsids are 
formed (Vanarsdall et al., 2007), suggesting a crucial role for BV/ODV-C42 in nucleocapsid 
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assembly. BV/ODV-C42 is known to play a crucial role in the re-organisation of F-actin in 
infected cells. Previous studies have shown that nuclear F-actin polymerization is triggered by 
the viral capsid protein P78/83 (Charlton and Volkman, 1993; Volkman, 2007). The actin-
related protein 2/3 (ARP2/3) complex is required to activate P78/83. BV/ODV-C42 has a 
putative nuclear localisation signal (NLS) and has been shown to recruit and transport p78/83 
from the cytoplasm to the nucleus, where then actin polymerization is initiated (Braunagel et 
al., 2001; Li et al., 2010). Besides recruiting P78/83 to the nucleus, BV/ODV-C42 also appears 
to play an active role in nuclear F-actin formation itself. The putative pocket protein binding 
sequence (PPBS) motif of BV/ODV-C42 is essential for exerting its function in nuclear actin 
polymerization (Li et al., 2010). 
The fact that VP1054 and BV/ODV-42, which have both important roles in nucleocapsid 
assembly, are co-purified with AcPTP implies that AcPTP may play a role in nucleocapsid 
assembly.  
AC66 (ORF 66) is a structural protein of the ODV and BV nucleocapsids (Ke et al., 2008; 
Wang et al., 2010). Ac66 is conserved among all sequenced lepidopteran baculovirus genomes 
and encodes a 94 kDa protein. AC66 contains an N-terminal desmoplakin domain and a CorA-
like Mg2+-transporter region. Desmoplakin is one of the major components of desmosomes, 
which are cell structures specialized in cell-to-cell adhesion. The CorA-like Mg2+-transporter 
region indicates that AC66 may also be involved in transportation of metal ions (Kool et al., 
1995). Deletion of ac66 reduced BV yields by 99% due to insufficient transport of 
nucleocapsids from the nucleus to the cytoplasm. More specifically, there was a strongly 
reduced release of nucleocapsids from the virogenic stroma (Ke et al., 2008). On the other hand, 
deletion of ac66 did not affect viral DNA replication and nucleocapsid assembly. Ac66 is also 
involved in ODV and OB formation: OB formation and ODV virion synthesis were interrupted 
in a deletion mutant (Ke et al., 2008). 
The major capsid protein VP39 (ORF89) is conserved among all sequenced baculoviruses 
and the most abundant structural protein of the nucleocapsids (Charlton and Volkman, 1993). 
During virus assembly, VP39 monomers are arranged in stacked rings around the nucleoprotein 
core. VP39 also participates in the rearrangement and polymerization of host nuclear actin 
(Charlton and Volkman, 1993). During the later stage of infection, VP39 co-localizes with 
peripheral microtubules in the nucleus of infected cells as shown in a confocal microscopy 
study of AcMNPV-infected Trichoplusia ni cells (Danquah et al., 2012). Moreover, when 
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microtubule formation was inhibited with colchicine- BV production was reduced. Furthermore, 
VP39 interacts with the tetratricopeptide repeat domain of kinesin (a protein moving along the 
microtubules) and probably this interaction enforces the transportation of nucleocapsids 
(Danquah et al., 2012). These data indicate that microtubules and potentially also kinesin are 
involved in anterograde trafficking of baculoviruses. 
The vp80 gene (ORF 104) encodes a 80 kDa protein. Homologues of the vp80 gene are only 
found in alphabaculoviruses. The encoded VP80 is an essential component of both BV and 
ODV particles. VP80 is an end-linked nucleocapsid protein, which is normally associated with 
one end of the nucleocapsids. Furthermore, VP80 interacts with the viral genomic DNA via a 
basic helix-loop-helix domain at the C-terminus (Marek et al., 2012). Deletion of vp80 
prevented migration of nucleocapsids from the virogenic stroma to the nuclear periphery 
(Marek et al., 2011). As indicated above, host F-actin is dramatically rearranged during 
infection, forming a three-dimensional network connecting the virogenic stroma and nuclear 
envelope (Li et al., 2010; Marek et al., 2011; Volkman, 2007). VP80 physically interacts with 
this nuclear F-actin and plays an important role in progeny nucleocapsid egress from the 
virogenic stroma to the nuclear periphery (Marek et al., 2011).  
Interestingly, it is predicted that VP80 functions as a paramyosin protein, which is a major 
structural component of muscular thick filaments in insects (Marek et al., 2011). Paramyosins 
need to interact with actin-based (thin) filaments to convert chemical energy (ATP) into 
mechanical force (movement), which would be needed to transport nucleocapsids from 
virogenic stroma to the nuclear periphery. Furthermore, the above mentioned AC66 possesses 
a functional domain homologous to the actin-binding domain of myosin VI (Volkman, 2007). 
It is therefore hypothesized that VP80 and AC66 may work in concert with myosin to transport 
nucleocapsids to the nuclear periphery.      
ODV/EC27 (ORF144) is another structural protein (33.5 kDa in size and encoded late in the 
infection) encoded by a baculovirus core gene. It has been found that ODV/EC27 localized to 
the ODV envelope and capsid (Braunagel et al., 1996). ODV/EC27 contains a cyclin-like 
domain, suggesting a function for ODV/EC27 in cell cycle control (Belyavskyi et al., 1998). 
Experimental data showed that ODV/EC27 associates with either cellular cyclin CDC2 or 
CDK6 to form a complex (Belyavskyi et al., 1998). The cdc2-EC27 complex exhibits a cyclin 
B-like function, which arrests the host cell cycle at the G2/M phase to optimize viral gene 
transcription. The complex accumulates in the nucleus and phosphorylates nuclear lamins 
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(Belyavskyi et al., 1998). Phosphorylation of nuclear lamins results in breakdown of the nuclear 
lamin, thus increasing the envelope fluidity and this might eventually enhance progeny virus 
release from the nucleus. The alternative cdk6-EC27 complex presents a cyclin D-like function 
that elongates the cell replication cycle. Cdk6-EC27 also interacts with viral proliferating cell 
nuclear antigen (PCNA) and forms a complex that phosphorylates host histone H1, which is 
hypothesized to support viral replication (Belyavskyi et al., 1998).  
During transport of baculovirus nucleocapsids from nucleus to cytoplasm, a wide range of 
molecular pathways are involved. Phosphorylation of nuclear lamins is important in this process, 
as detailed above. However, whether this process is balanced by dephosphorylating enzymes 
such as PTP, is still largely unknown. The co-purification of AcPTP with AC66, VP39, VP80, 
and ODV-EC27 suggest that PTP may have an important function in several steps in the 
transport of progeny virus.    
Interaction of PTP(M) with host proteins with potential functions in nucleocapsid transport 
Two host proteins with potentially important roles in nucleocapsid transport were also co-
purified with AcPTP(M): Lamins C and myosin regulatory light chain 2. The known 
information about these two proteins in nucleocapsid transport is listed below.  
Lamins are important structural proteins of eukaryotic cells. Lamins line the inside of the 
nuclear membrane and provide mechanical stability. They are also involved in DNA replication, 
transcription and chromatin organization (Dechat et al., 2010). Lamins are type V intermediate 
filament proteins and are categorized into two groups: Type-A lamins include lamin A and C. 
B-type lamins include lamin B1, lamin B2 and lamin B3 (Zhang et al., 2017). To bud out from 
the nuclear membrane of infected cells in order to travel to the cytoplasm to become BVs, 
baculovirus nucleocapsids have to bypass the physical barrier formed by the nuclear lamins 
underlying the nuclear membrane. Previous research showed that the phosphorylation level of 
lamin B increased upon AcMNPV infection and that part of the nuclear lamins were 
redistributed. Co-purification of AcPTP with Lamin-C further supports a role of PTP in progeny 
nucleocapsid export from the nucleus.  
Myosin regulatory light chain 2 (RLC) is also known as the regulatory light chain of myosin 
(RLC). Basically, RLC regulates myosin motility and functions via interacting with the 
neck/tail region of myosin (Rayment et al., 1993). A study in mammalian cells suggested that 
RLC is required to maintain the stability of myosin II, which is needed for cellular integrity 
(Park et al., 2011). In insects, the exact function of RLC is not reported yet, however, it is likely 
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that it exerts a similar function as in mammalian cells. Like F-actin, myosin has been suggested 
to be involved in mediating the transport of nucleocapsids from the virogenic stroma towards 
the nuclear periphery, or even further to the cell periphery (Volkman, 2007). Therefore, RLC 
might have a function in this process as well.   
The apparent association between AcMNPV PTP with structural viral proteins and host proteins 
involved in nucleocapsid transportation implies that PTP plays an, as yet unknown, function in 
transporting nucleocapsids from the virogenic stroma to the nuclear periphery or even further 
to the cytoplasm.     
Viral proteins involved in BV and ODV envelopment that co-purified with PTP(M) 
Three viral proteins involved in BV and ODV envelopment co-purified specifically with PTPM. 
Below the known information about these viral proteins is described.  
Ac109 (ORF109) is a baculovirus core gene, conserved among all sequenced baculovirus 
genomes, and is expressed during the late phase of the infection cycle. AC109 is present within 
or associated with ODVs (Lehiy et al., 2013). Deletion of ac109 did not affect viral genome 
replication, late gene synthesis or polyhedrin production in virus infected cells, however, cell 
to cell virus transmission was absent, indicating that no BVs, or at least no infectious BVs, were 
produced. Deletion of ac109 also blocked membrane envelope formation of nucleocapsids prior 
to occlusion, although nucleocapsids localized along the ring zone of the nucleus. Therefore, 
ac109 may play a role in the production of infectious BVs and in the envelopment of 
nucleocapsids into ODV particles in the nucleus (Lehiy et al., 2013).  
Ac132 (ORF132) homologues are present in the genomes of all group I NPVs. AC132 
associates with nucleocapsids of both BVs and ODVs (Yang et al., 2014). During infection, 
AC132 forms a ring zone at the periphery of the nucleus at 24 hpi. Deletion of ac132 did not 
affect viral DNA replication, however, the infection was limited to a single cell. In ac132 
mutant virus-infected cells, the synthesis of nucleocapsids, ODVs and OBs still occurred, 
however, virogenic stroma and OB formation were delayed. These data indicate that AC132 
plays a role in nucleocapsid envelopment (Yang et al., 2014).  
Ac142 (49K, ORF142) is also a core gene and predicted to encode a 477-aa protein with a 
transmembrane domain. AC142 is associated with the nucleocapsids of both BVs and ODVs. 
Deletion of ac142 restricted the infection to single cells as no infectious BVs were produced. 
Ac142 was not needed for viral DNA replication. During ODV production, AC142 was not 
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needed for nucleocapsid formation, but was required for subsequent ODV envelopment and 
embedding of virions into OBs. Therefore, AC142 is required for both BV and ODV production 
(McCarthy et al., 2008).  
The above-mentioned viral proteins all are involved in BV and/or ODV budding/envelopment. 
The fact that PTP is co-purified with these proteins indicates that PTP may have function in 
these processes.  
Viral and host proteins potentially involved in inducing apoptosis 
Though AcPTP has not been reported in inducing apoptosis in infected host cell, in our study, 
two proteins that play a role in inducing apoptosis were also co-purified with AcPTP. The 
known information about these two proteins were listed here.   
Immediately early gene-1 (ORF147): The ie1 gene is conserved among all sequenced 
lepidopteran NPVs. The 582-aa long protein contains an acidic activation domain, a DNA 
binding domain and an oligomerization domain (Schultz et al., 2009). IE1 is a potent 
transcriptional transactivator for baculovirus early genes, and as such it is required for virus 
DNA replication, and for BV and ODV production (Leisy et al., 1995; Nagamine et al., 2005). 
IE1 is synthesized very early during infection and accumulates in the nucleus. Its expression is 
maintained during the course of infection (Pullen and Friesen, 1995). IE1 expression is a trigger 
for apoptosis, but this is normally counteracted by the AcMNPV P35 protein, which is a strong 
apoptosis inhibitor (Schultz et al., 2009). An AcMNPV p35 deletion mutant caused widespread 
apoptosis in Sf21 cells. Apoptosis induction was abolished when ie1 transcripts were silenced 
during infection with the AcMNPV p35 deletion mutant. It was shown that AcMNPV IE1 is 
indirectly involved in the formation of apoptotic bodies in virus-infected Sf21 cells by initiating 
virus DNA replication events that subsequently trigger cell death (Schultz et al., 2009).    
Histone H2B.3: Histones are highly conserved structural proteins in eukaryotic nucleosomes. 
Histone H2B.3 is a component of the nucleosome subunit H2B. Histones have important 
functions in packaging and maintaining of chromosomes, regulating transcription and DNA 
replication and repair (McGinty et al., 2008; Vanfleteren et al., 1986). During baculovirus 
replication, host DNA replication is arrested, while viral DNA is supported (Nguyen et al., 
2013). Moreover, virus infection causes activation of several phosphoinositide 3- kinases, 
which subsequently phosphorylate Histone 2A, eventually leading to cell cycle arrest or 
apoptosis. As a subunit of Histone 2B, the phosphorylation status of Histone H2B.3 may also 
have a crucial role in regulating apoptosis. Co-purification of AcPTP and Histone 2B suggests 
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that PTP may have a role in balancing phosphorylation levels of histone proteins, which may 
eventually contribute to induction of apoptosis in infected cells (Nguyen et al., 2013).  
IE1, and possibly the phosphorylation status of Histone H2B.3, are involved in inducing 
apoptosis during baculovirus infection. Therefore, AcPTP may play a role in regulating 
apoptosis in infected hosts.  
Copurification of host ribosomal proteins  
40S ribosomal protein S27a and 40S ribosomal protein S9 are both structural components 
of the small (40S) ribosomal subunit. These two proteins, like other ribosomal proteins, are 
highly conserved and abundantly expressed. Ribosomal protein S27a is derived from a fusion 
protein consisting of ubiquitin at the N-terminus and ribosomal protein S27 at the C-terminus 
(Lindström and Nistér, 2010; Sun et al., 2011). Co-purification of PTP with these two ribosomal 
proteins suggests that PTP may play an unknown function in viral protein translation. However, 
the co-purification of PTP and ribosomal proteins may also simply result from a-specific 
binding between these proteins due to the high abundance of ribosomal proteins (even though 
the amount was significantly lower in the control sample) (Redman and Rechsteiner, 1989). 
Ribosomal proteins have been reported as one of the most abundant co-purified protein in many 
studies, including proteomic studies of baculoviruses. In the proteomic study of Sf9 cells 
infected with AcMNPV, ribosomal protein S9 was the most abundant host protein co-purified 
with AcMNPV (Carinhas et al., 2011). The same results were also found in a proteomic study 
of baculovirus Anticarsia gemmatalis MNPV ODVs (Braconi et al., 2014). Future experiments 
are needed to prove this.  
Proteins with unknown functions 
Several proteins were co-purified specifically with AcPTP, but for most of these proteins 
information on their function is lacking. 
Ac18 (DA41/ORF18) is conserved among alpha- and betabaculoviruses (Cohen et al., 2009). 
A previous study showed that AC18 was not needed for nucleocapsid formation, nor for BV 
and ODV production, as cells infected with an ac18 deletion virus showed similar phenotypes 
as cells infected with the WT virus (Wang et al., 2007). Spontaneous deletion of ac18 occured 
in serial passages of a virus stock in cell culture. Deletion of ac18 did not reduce virus 
infectivity for T. ni larvae in a dose-dependent assay, but it took longer for the mutant virus to 
kill the host than for the WT virus (Wang et al., 2007). Therefore, it is hypothesized that AC18 
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is important for an efficient infection, which could indirectly contribute to a higher virus 
transmission rate.  
Ac51 (Baculovirus J domain protein) is found in all alphabaculoviruses. The encoded protein 
contains a coiled-coil domain and an RNA recognition motif and is present in both BVs and 
ODVs (Wang et al., 2002). The orthologue from Spodoptera litura NPV is a late gene and 
encodes a protein described as baculovirus J domain protein (BJDP). BJDP in E. coli has 
chaperone activity and is involved in folding of other proteins (Langer et al., 1992). The 
function of BJDP in baculoviruses is not fully understood.    
Ac58/59 (ORF58/59) is actually a single ORF that encodes a protein of 172 amino acids. 
AC58/59 associates with both BVs and ODVs. However, ac58/59 seems not essential for virus 
replication, since deletion of the ac58/59 homologues in BmNPV does not affect virus 
production and virus infectivity (Ono et al., 2012). AC58/59 has a ChaB domain, indicative for 
a role in cation transportation. However, the exact function of AC58/59 is not known (Cohen 
et al., 2009).    
Though the functions of AC18, BJDP and AC58/59 of AcMNPV are not clear, the co-
purification of these proteins with PTP suggests that PTP might be involved in other, currently 
unknown processes. 
Co-purified proteins from other viruses 
Interestingly, proteins from two other viruses were also co-purified with AcPTP, including the 
DNA metabolism protein from Heliothis virescens ascovirus 3g (HvAV-3g) and the helicase 
and RNA-dependent RNA-polymerase (RdRp) from Spodoptera exigua iflavirus 1 (SeIV1). 
HvAV-3g is a double stranded DNA virus classified in the family Ascoviridae, that has been 
detected in S. exigua before (Li et al., 2016). Ascoviruses in general have a low infection rate 
and ascovirus transmission is dependent on parasitoids. Infected hosts lack apparent infection 
symptoms (Li et al., 2016). The function of the HvAV-3g DNA metabolism protein is unknown, 
however, its homologue in eukaryotes seems to be involved in chromosome condensation, 
segregation, cohesion and DNA recombination repair (Graumann, 2001).  
Peptides derived from the helicase and RdRp of SeIV1 (family Iflaviridae) were also co-
purified with PTP. SeIV1 has a single stranded RNA genome. The genome is translated into a 
polyprotein, which is subsequently cleaved into structural and non-structural proteins [see 
review by van Oers (2010)]. Like HvAV-3g, SeIV1 can infect S. exigua, but in general has low 
Chapter 6  Substrate identification of baculovirus protein tyrosine phosphatase 
118 
 
virulence (Carballo et al., 2017). Artificial co-infection of S. exigua larvae with SeIV1 and the 
baculovirus SeMNPV led to a decrease in SeMNPV OB yield (Carballo et al., 2017).  
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Figure 2. Mass spectrometric proteomic analysis of purified PTP-GFP proteins (A) and PTPM-GFP 
proteins (B). PTP-GFP and PTPM-GFP proteins were prepared from AcMNPV infected larvae and 
precipitated by GFP antiserum. The precipitation experiments were conducted three times from the same 
starting material, precipitated proteins were analysed with LC-MS/MS analysis using MaxQuant 
software and the statistical analysis was performed with the Perseus module. The Y-axis shows the 
relative abundance (peak height) as log (10) values, and X-axis shows the log (10) of the abundance 
ratio of proteins precipitated in the PTP-GFP group over proteins precipitated in the GFP control group. 
Proteins that were significantly enriched in the PTP(M)-GFP sample over the GFP control are shown in 
orange (P < 0.01). Proteins that are not significantly enriched are shown in blue. Contaminants such as 
keratins and trypsin are shown in grey.   
Discussion 
Phosphorylation and dephosphorylation of proteins are common regulation mechanisms that 
control the function of proteins and allow proteins to rapidly switch between different activity 
states. There is no doubt that phosphorylation and dephosphorylation play important roles 
during baculovirus infection (Cheley et al., 1992; Funk and Consigli, 1993; Vialard and 
Richardson, 1993). Our analysis of possible target proteins that co-purified with AcMNPV PTP 
revealed several host and viral proteins that may serve as a substrate to the AcMNPV PTP 
enzyme. Previous studies showed that baculovirus PTP is associated with both BVs and ODVs 
and is able to remove phosphate residues from both protein and RNA substrates (Li and Guarino, 
2008).  
In our study, the identified proteins that co-purified with AcPTP are involved in different steps 
of the baculovirus replication cycle, including, but probably not limited to nucleocapsid 
assembly, nucleocapsid transportation, ODV envelopment and release of mature virus particles 
to enhance virus transmission.  
The co-purified proteins VP39, VP1054 and BV/ODV-42 have important functions in 
baculovirus assembly. Site-specific dephosphorylation of baculovirus proteins is known to play 
a significant role during baculovirus assembly. For example, AcMNPV P6.9 (encoded by the 
core gene Ac100) is needed for proper virus genome encapsidation and virus assembly. 
Multiple versions of phosphorylated P6.9 are detected in infected cells, however, only the 
unphosphorylated version is detected in BVs (Lai et al., 2018). When the dephosphorylated 
sites of P6.9 are mutated to glutamic acids (phosphorylation-mimic mutant), nucleocapsid 
assembly is interrupted. Therefore, dephosphorylation of specific sites of P6.9 is essential for 
virus genome encapsidation and virus assembly (Lai et al., 2018). Similar results were also 
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found for the P6.9 homologue VP12 from Plodia interpunctella granulosis virus (PiGV): the 
VP12 protein is needed for the release of viral DNA from nucleocapsids at the beginning of the 
infection cycle and dephosphorylation of VP12 allows packaging of progeny DNA molecules 
Table 1: Baculovirus (AcMNPV) proteins and host proteins that were co-purified with the AcMNPV PTP protein. 
MS/MS spectra were searched against the Uniprot database and the S. exigua RNA-seq database.  
Protein name  Origin  Description  Co-purified with  
BV/ODV-C42 AcMNPV ORF 101, involved in F-actin polymerization and 
nucleocapsid assembly 
PTP-GFP and PTPM-GFP 
VP39 AcMNPV ORF 89, involved in nucleocapsid assembly and 
transportation from nucleus to cytoplasm 
PTP-GFP and PTPM-GFP 
VP1054 AcMNPV ORF 54, involved in nucleocapsid assembly and maturation   PTPM-GFP 
Ac66 AcMNPV ORF 66, involved in transporting nucleocapsids from 
nucleus to cytoplasm 
PTP-GFP and PTPM-GFP 
VP80 AcMNPV ORF 104, involved in transporting nucleocapsids from 
nucleus to cytoplasm 
PTP-GFP and PTPM-GFP 
AC109 AcMNPV ORF 109, involved in BV production and ODV 
envelopment 
PTP-GFP and PTPM-GFP 
AC142 AcMNPV ORF 142, involved in BV production and ODV 
envelopment  
PTP-GFP and PTPM-GFP 
AC132 AcMNPV ORF 132, involved in BV production and nucleocapsid 
envelopment  
PTP-GFP 
DA41/Ac18 AcMNPV ORF 18, needed for efficient virus infection in host PTP-GFP and PTPM-GFP 
IE1 AcMNPV  ORF 147, activation for other transcripts and inducing 
apoptosis 
PTP-GFP 
ODV/EC27 AcMNPV ORF144, involved in regulate host cell cycle and possibly 
involved in enhancing virus dissemination  
PTP-GFP and PTPM-GFP 
AC58/59 AcMNPV ORF 58, function unknown  PTP-GFP 
BJDP AcMNPV ORF 51, function unknown   PTPM-GFP 
DNA metabolism 
protein 
HvAV-3g Potentially play an important role in virus DNA replication PTP-GFP 
Helicase  SeIV1 Unwind replication template  PTP-GFP 
RdRp SeIV1 Catalysis synthesis of new viral genome  PTP-GFP 
Lamin-C S. exigua  Nucleus structure protein, involved in protein and chromatin 
binding and providing mechanical stability 
PTP-GFP and PTPM-GFP 
Myosin regulatory 
light chain 2 
S. exigua Regulating myosin mobility, might be involved in transport 
of nucleocapsids from the virogenic stroma to the cytoplasm 
PTPM-GFP 
Histone H2B.3 S. exigua  Structural component of nucleosomes, might play a role in 
enhancing virus transmission 
PTPM-GFP 
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40S ribosomal 
protein S27a 
S. exigua Structural component of host ribosome  PTPM-GFP 
40S ribosomal 
protein S9 
S. exigua Structural component of host ribosome PTPM-GFP 
 
into virions at the end of infection cycle (Funk and Consigli, 1993). Dephosphorylation of P6.9 
is mediated by another baculovirus protein, 38K (encoded by ORF98). 38K functions as a 
haloacid dehologenase, which is involved in phosphoryl transfer (Lai et al., 2018). VP1054 is 
an interacting partner of 38K (in a yeast two hybrid studies) and also involved in DNA 
encapsidation. Therefore, AcPTP might affect baculovirus nucleocapsid assembly by 
dephosphorylating VP1054 and other structural viral proteins.  
As mentioned above, BmNPV PTP is involved in inducing hyperactivity in B. mori larvae, 
however the phosphatase activity of PTP was not needed for this process in this insect-virus 
combination (Kamita et al., 2005; Katsuma, 2015; Katsuma et al., 2012), which may suggest 
that BmPTP, at least in the induction of hyperactivity, functions as a structural protein. For 
AcMNPV, the phosphatase activity of PTP is, however, required to induce hyperactivity in S. 
exigua larvae (van Houte et al., 2012). Interestingly, BmPTP interacted with the baculovirus 
phosphoprotein 78/83 (PP78/83) in a yeast-2-hybrid assay (Katsuma et al., 2012). The 
interaction between these two proteins supports the conclusion that BmPTP functions as a BV-
associated structural protein rather than an enzyme to induce hyperactivity. In our study, AcPTP 
did not co-purify with PP78/83, however, the co-purified proteins BV/ODV-C42 and VP1054 
have been reported to interact with PP78/83 (Guan et al., 2016; Li et al., 2010). Whether the 
(indirect) interaction of PTP with PP78/83 has a role in PTP-induced caterpillar hyperactivity 
in general is currently unclear. Though we did not investigate the interaction between AcPTP 
and RNA in this study, it is possible that AcPTP induces hyperactivity by affecting host RNA 
substrates.       
IE1 and Histone H2B.3 may be involved in triggering apoptosis in the infected host. Commonly, 
apoptosis induction is an effective host response to limit virus infection in the initial phase 
(Clem, 2001, 2005). As a countermeasure, baculoviruses encode various proteins which have 
anti-apoptotic abilities (Clem, 2001, 2005). Moreover, some baculoviruses act as inducers of 
apoptosis in specific host cells, e.g. in hemocytes to down regulate immune responses (Han et 
al., 2018; Chapter 5). Our previous research showed that the ptp2 gene from SeMNPV, 
encoding a protein that belongs to the same PTP protein family as AcMNPV PTP, is involved 
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in inducing apoptosis. Although the similarity between PTP and PTP2 is very low (34% aa 
similarity), co-purification of PTP with IE1 and Histone H2B.3 may indicate that PTP is 
involved in regulating apoptosis during baculovirus infection.  
Both the DNA metabolism protein of the ascovirus HvAV-3g and the helicase and RdRp of the 
iflavirus SeIV1 potentially play an important role in genome replication of the respective 
viruses. A phosphatase gene is absent in both viral genomes. Potentially, interactions between 
viruses may exist during co-infection and the genome replication of one virus might be 
supported by proteins from another virus. However, to what extend AcMNPV PTP affects 
HvAV-3g and SeIV1 replication needs further investigation. 
Three limitations of our study should be considered when interpreting the data. Firstly, the 
proteomic data are only generated from one time point after infection and cannot reflect the 
dynamic changes of AcPTP substrates over time. To understand how the substrates of AcPTP 
are changing over time, samples at different time points after infection should be collected and 
compared. Secondly, the whole larva was used for sample preparation. Therefore, substrates of 
AcPTP originating from different tissues might be mixed and substrates with low abundancy 
could be missed. Searching for PTP-interacting (host) proteins in specific tissues would be an 
exciting next step to take. Thirdly, in our study, only five host proteins that co-purified with 
AcPTP were identified from the protein database. Since the genome of S. exigua has not been 
sequenced, a de novo transcriptome assembly derived from RNA-seq data of S. exigua larvae 
was used as the database for protein identification. However, other important interacting 
proteins may not be discovered due to the lack of a properly annotated genome. 
Parasites have been reported to achieve host behavioural manipulation via invading the host’s 
central nervous system (CNS) (Lefevre et al., 2009). In BmPTP-induced hyperactivity in B. 
mori larvae, a mutant virus lacking the ptp gene showed a significantly reduced infectivity of 
larval brain tissues (Katsuma et al., 2012). It is hypothesized by these authors that virus 
infection in the brain leads to an excitatory state which is needed for inducing hyperactivity. 
The same may apply for AcPTP-induced hyperactivity in S. exigua larvae: AcMNPV may 
induce hyperactivity in the host by invading the host CNS and ptp may play an important role 
in this process. The fact that we co-purified lamins may point in this direction. Apart from being 
important for remodeling the nuclear architecture to facilitate egress of nucleocapsids from the 
nucleus, as described in the results, here we hypothesize that this interaction with lamins may 
allow the virus to invade the larval brain. Lamins play curcial roles in brain development and 
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defects in lamins cause an array of (mental) disorders in humans and rats (Schulze et al., 2009; 
Young et al., 2012). Lamins play essential roles in neuronal migration in the developing brain 
and in neuronal survival (Jung et al., 2013; Schulze et al., 2009; Young et al., 2012).  
In conclusion, we performed a proteomic study to identify viral/host proteins that interact with 
AcPTP. Several of the identified proteins are known to be important for nucleocapsid assembly, 
nucleocapsid transport, ODV envelopment and/or virus dissemination, suggesting that AcPTP 
functions both as a structural protein and as a phosphatase enzyme. Some of these proteins may 
potentially be involved in PTP-mediated hyperactivity of infected larvae. We hypothesize that 
AcPTP may control virus entry into certain host tissues, for example the host brain, ultimately 
leading to the behavioural changes observed in the infected hosts. 
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Supplementary Material  
 
Supplementary Figure S1. Mass spectrometric proteomic analysis of purified PTP-GFP proteins vs PTPM-GFP proteins. PTP-GFP and PTPM-GFP 
proteins were prepared from AcMNPV infected larvae and precipitated by GFP antiserum. The precipitation experiments were conducted three times from the 
same starting material, precipitated proteins were analyzed with LC-MS/MS analysis using MaxQuant software and the statistical analysis was performed with 
Chapter 6  Substrate identification of baculovirus protein tyrosine phosphatase 
125 
 
the Perseus module. The Y-axis shows the relative abundance (peak height) as log (10) values, and X-axis shows the log (10) of the abundance ratio of proteins 
precipitated in the PTP-GFP group over proteins precipitated in the PTPM-GFP group. Proteins that are significantly enriched in the PTP-GFP sample over the 
PTPM-GFP control are shown in orange (P < 0.01). Proteins that are not significantly enriched are shown in blue. Contaminants such as keratins and trypsin are 
shown in grey.     
Supplementary Table S1: Primers used in this study  
Primer 
number  
Primer 
name  
Sequence (5’ to 3’) Function  
1 
GFP-PTP 
Fw 1 
CCCCCGCTAGCATGGTGAGCAAGGGCGAGGAG Amplify GFP ORF for GFP-PTP  
2 GFP-PTP 
Rv 1 
TGCCAACGCGCGGGAAACATCTTGTACAGCTCGTCCATG
C 
Amplify GFP ORF for GFP-PTP, create overhang 
with PTP ORF 
3 GFP-PTP 
Fw 2 
GCATGGACGAGCTGTACAAGATGTTTCCCGCGCGTTGGC
A 
Amplify PTP ORF for GFP-PTP, create overhang 
with GFP ORF 
4 GFP-PTP 
Rv 2 
GGGGATGCATTTAAATTAATAAATCTTGAACGTA Amplify PTP ORF for GFP-PTP 
5 PTP-GFP 
Fw 1 
CCCCCGCTAGCATGTTTCCCGCGCGTTGGCA Amplify PTP ORF for PTP-GFP 
6 PTP-GFP 
Rv 1 
CTCCTCGCCCTTGCTCACCATAATTAATAAATCTTGAACG
TA 
Amplify PTP ORF for GFP-PTP, create overhang 
with GFP ORF 
7 PTP-GFP 
Fw 2 
TACGTTCAAGATTTATTAATTATGGTGAGCAAGGGCGAG
GAG 
Amplify GFP ORF for GFP-PTP, create overhang 
with PTP ORF 
8 PTP-GFP 
Rv 2 
GGGGGATGCATTTACTTGTACAGCTCGTCCATGC Amplify GFP ORF for PTP-GFP 
 126 
 
 127 
 
 
 
 
 
 
Chapter 
7 
 
Baculovirus invasion of the  
lepidopteran central nervous system 
 
 
 
 
Han Y, Groothuis J, Suijkerbuijk H, Wang Y, van Lent JMW, Smid HM, Ros VID. Manuscript 
in preparation.
Chapter 7  Baculovirus invasion of the lepidopteran central nervous system 
128 
 
Abstract 
Baculoviruses induce hyperactivity and pre-death climbing (tree-top disease) in their host, 
processes which are thought to enhance virus transmission. Though some baculovirus genes 
have been studied for their role in inducing behavioural changes, host pathways involved are 
largely unknown. Insect behaviour is primarily regulated via the host central nervous system 
(CNS), therefore, baculoviruses possibly affect host behaviour via invading or affecting the 
host CNS. Since serotonin has been reported to play a role in insect locomotion, we studied the 
distribution of serotonergic neurons in the larval brain in more details. We first made a 3D 
model for the third instar Spodoptera exigua larval brain, which shows the shape of different 
neuropils and their relative position in the brain. This was done by immunolabelling of 
serotonin in the larval brain. Next, we described the distribution of serotonergic neurons in the 
larval brain, including the location and the number of serotonergic neurons in each serotonergic 
cell cluster. As a proof of concept, we also investigated whether AcMNPV infects the S. exigua 
larval brain by using a recombinant virus expressing green fluorescent protein. Confocal laser 
scanning microscopy and electron microscopy results confirmed that AcMNPV is present and 
replicates in the S. exigua brain. Moreover, it seems that AcMNPV only invades specific 
regions of the brain, following a temporal pattern. The results provide further information on 
the mechanism of baculovirus-induced behavioural manipulation.     
  
Chapter 7  Baculovirus invasion of the lepidopteran central nervous system 
129 
 
Introduction  
Baculoviruses are arthropod-infecting viruses characterized by rod-shaped virions. 
Baculoviruses contains double-stranded, circular supercoiled DNA genomes (Rohrmann, 2013; 
Slack and Arif, 2007). Two types of virions are produced during an infection cycle: budded 
virions (BVs) and occlusion derived virions (ODVs). BVs are responsible for triggering 
systemic infection within the host while ODVs are responsible for initiating infection in the 
host’s epithelial midgut cells and for the horizontal transmission of baculoviruses (van Oers et 
al., 2015; Williams et al., 2017). Baculoviruses are known to induce behavioural changes in 
their caterpillar hosts, including hyperactivity and pre-death climbing behaviour (tree-top 
disease) (Hoover et al., 2011; Kamita et al., 2005; van Houte et al., 2012). These changes are 
thought to spread the viruses over a larger surface of plant foliage, thus enhancing virus 
transmission (Hoover et al., 2011; Kamita et al., 2005; van Houte et al., 2012). Previous studies 
found that the protein tyrosine phosphatase (ptp) gene from the baculoviruses Autographa 
californica multiple nucleopolyhedrovirus (AcMNPV) and Bombyx mori (Bm)NPV were 
involved in inducing hyperactivity in Spodoptera exigua and B. mori larvae, respectively. 
Therefore, ptp-induced hyperactivity might be an evolutionarily conserved strategy of a 
subclade of baculoviruses (Group I NPVs) to enhance virus transmission (Kamita et al., 2005; 
Katsuma et al., 2012; van Houte et al., 2012).  
Parasites may achieve host manipulation by invading or affecting the central nervous system 
(CNS) of the host (Adamo, 2002; Libersat et al., 2009; Ohkawara and Aonuma, 2016; Perrot-
Minnot and Cezilly, 2013). For example, the emerald jewel wasp, Ampulex compressa, injects 
venom precisely into the brain of the cockroach Periplaneta americana and as a result reduces 
the spontaneous movements of the cockroach, making it a better food supply for the wasp’s 
offspring (Rosenberg et al., 2007). A major target of the venom appeared to be the 
octopaminergic network in the brain of the cockroach (Rosenberg et al., 2007). A role for 
octopamine was also observed for the caterpillar Manduca sexta parasitized by the parasitoid 
wasp Cotesia congregata. The parasitized caterpillar functions as a bodyguard for the wasp’s 
offspring after the wasp larvae have egressed from the caterpillar and form cocoons. In addition, 
the caterpillar shows declined feeding and locomotion behaviour. These behavioural alterations 
are accompanied by a sharp increase in octopamine content in the larval CNS (Adamo, 2002). 
Likewise, baculoviruses may induce behavioural changes in their host by invading the host’s 
CNS. This hypothesis is supported by the evidence that baculoviruses have been detected in the 
cerebral, thoracic and abdominal ganglia cells of infected hosts (Herz et al., 2003; Torquato et 
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al., 2006) and expression of baculoviral genes has been detected in host neural glial cells 
(Knebel-Morsdorf et al., 1996) and brains (Katsuma et al., 2012; Wang et al., 2015).  
Serotonin, dopamine and octopamine are examples of biogenic amines. Biogenic amines are 
called neurotransmitters in vertebrates. However, they have broader functions in invertebrates, 
serving as neurotransmitters, neuromodulators and/or neurohormones (reviewed by Fieber, 
2017). Biogenic amines control a wide range of physiological processes in invertebrates and 
are also involved in host behavioural manipulation (Adamo, 2002; Rosenberg et al., 2007; Tain 
et al., 2006). For example, third instar Drosophila melanogaster larvae present light-controlled 
locomotion behaviour. Reducing serotonin signalling within serotonergic neurons intensified 
this behaviour, suggesting that serotonin plays an important role in controlling this behaviour 
(Rodriguez Moncalvo and Campos, 2009). The gammarid Gammarus lacustris infected by 
polymorphid cystacanths shows increased movement towards light compared with non-
paralyzed individuals. Injected with serotonin into G. lacustris mimicked this behaviour, 
suggesting serotonin also plays an important role in this process (Maynard et al., 1996).    
The CNS of lepidopteran larvae consists of a brain and a ventral nerve cord. The brain, or 
cerebral ganglion (CRG), has two hemispheres and the ventral nerve cord consists of the 
subesophageal ganglion (SEG) or gnathal ganglion (GNG), three thoracic ganglia and seven 
abdominal ganglia (Cantera et al., 1995; Huetteroth et al., 2010; Ito et al., 2014). The 
morphology of brain neuropils and the layout of aminergic neurons are different in different 
larval stages (Huetteroth et al., 2010). Although studies have been conducted on the 
lepidopteran CNS (Audsley et al., 2000; Huetteroth et al., 2010), their focus on the pupal or 
adult brain make them an unsuitable reference for a study on manipulation of larval brains. 
Therefore, in this study, we first made a 3D model for the brain of third instar S. exigua larvae, 
showing the general brain morphology and the relative position of the different neuropils. Next, 
we investigated serotonin in the larval brain in more details. We described the distribution of 
serotonergic neurons in the larval brain, including the location and the number of serotonergic 
neurons in each serotonin cell cluster. As a proof of concept, we also investigated whether 
AcMNPV infects the S. exigua larval brain. Our results showed that AcMNPV infects the brain 
starting from 2 days post infection. Furthermore, AcMNPV forms OBs in the larval brain, a 
measure for viral replication in the host brain. Thus, we hypothesize that AcMNPV may achieve 
induction of hyperactivity in S. exigua larvae by invading the host CNS.  
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Materials and Methods 
Insect and virus  
Spodoptera exigua larvae were reared on artificial diet as described before (Han et al., 2015). 
A recombinant baculovirus AcMNPV able to make OBs and with green fluorescent protein 
(GFP) fused to the nucleocapsid protein VP39 and functional OBs were able to form(Mu et al., 
2014) was used to visualize virus infection in the larval brain and GNG. 
Immunolabeling of brains for localisation of serotonergic neurons and neuropil reconstruction 
Newly moulted third instar larvae were used for labelling of brains and GNGs using a 
commercially available antiserum raised against serotonin (Millipore Cat# AB938). In addition, 
propidium iodide was used to visualize the nuclei. Cold-sedated larvae were decapitated in ice-
cold PBS. The cuticle was removed and brains were dissected using a pair of fine sharpened 
tweezers (Dumont #5, Sigma). Dissected brains and GNGs were flat aligned on a microscope 
glass and fixed in that orientation by adding a droplet of freshly prepared ice-cold 4% 
formaldehyde for 10 min. This way the brain was fixed in line with the neural axis of the ventral 
nerve cord, including the GNG. After 10 min the preparation remained stable in this aligned 
position when transferred to the same fixative solution at room temperature (RT) and fixed 
overnight. Further procedures for immunolabelling and antiserum specificity controls were as 
described by van der Woude and Smid (2017). Finally, dehydrated brains and GNGs were 
mounted in DPX (Sigma). 
Image acquisition and processing 
Preparations were scanned with a Zeiss LSM510 microscope equipped with a 25× or 40× oil 
immersion objective (Plan-Neofluar 25×/0.8). AlexaFluor® 488 staining was imaged using the 
488-nm line of an Argon laser with a 505- to 530-nm BP filter; the propidium iodide nuclear 
counterstain was imaged using the same excitation wavelength but with a 585-nm LP filter. 
Preparations were scanned at 1,024 × 1,024 or 2,048 × 2,048 pixels with a digital magnification 
of 0.8 and a step size of 2 µm. Since the refractive index of the mounting medium matched that 
of the immersion oil, we did not use a Z-distance correction. 
The 3D model of brain neuropils was constructed using the Amira 5.4.2 (Visage Imaging) 
Segmentation Editor. Background staining of 5HT-like-immunofluorescence (5HT-L-IR) and 
propidium iodide was sufficient to recognize and assign unique materials to voxels several 
neuropils. Preparations were assigned every 1-5 slices and completed with the Interpolation 
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option of Amira. The SurfaceGen and Animation modules were used to create 3D images based 
on the segmentation. 
The number of cell bodies was only analysed in brains in which 5HT-L-IR clusters were clearly 
visible and the best-stained hemisphere was selected for analysis of individual clusters. Due to 
tissue damage, not all identified clusters could be counted in every sample. In Amira, each 
cluster was assigned to a separate LabelField and each cell was segmented with an individual 
Material. During this process, the propidium iodide counterstain was used for orientation, but 
not for other purposes. After segmentation, results were exported with the MaterialStatistics 
module and collected in an MS Excel spreadsheet for further analysis. Although volumetric 
information on the labelled 5HT-L cell bodies was created by this procedure, the extensive 
flattening of the preparations during mounting is likely to confound these data; therefore, these 
were not used for further analysis.  
Infection of larvae and virus detection in host CNS  
Early third instar S. exigua larvae were infected with AcMNPV-GFP as described in Han et al. 
(2015). Larvae were infected with a viral dose of 108 OBs/ml using droplet feeding. Mock-
infected larvae were used as uninfected controls and were fed with a virus-free sucrose solution 
as described before (Han et al., 2015). After infection, larvae were placed individually in 12-
well plates, provided with a piece of artificial diet, and reared at 27 ºC.  
At one, two and three days post infection (dpi), the brain and GNG of infected and mock-
infected larvae were dissected as described above and checked for virus infection by confocal 
laser scanning microscopy (CLSM). For CLSM, a similar procedure was used as for 
immunolabelling but only propidium iodide staining was included and the samples were not 
dehydrated but mounted in Vectashield (VECTOR Laboratories) and sealed with transparent 
nail polish. Preparations were scanned with a Zeiss LSM510 microscope equipped with a 40× 
oil immersion objective (Plan-Neofluar 40×/1.3). Image acquisition was performed as 
described above.  
To investigate AcMNPV infection in the S. exigua larvae CNS at higher resolution, brains and 
GNGs of AcMNPV-GFP-infected larvae were checked by transmission electron microscopy 
(TEM). Briefly, the brains and GNGs of virus-infected and mock-infected larvae were dissected 
at 3 dpi and submersed in the fixative solution (2% glutaraldehyde, 4% paraformaldehyde,  
1 mM CaCl2 in 50 mM PIPES). The fixation was performed at 4 °C overnight. After rinsing 
three times in the washing buffer (0.3 M PIPES, 1 M CaCl2), the samples were dehydrated by 
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50%, 70% and 90% ethanol each for 15 min. Subsequently, the samples were infiltrated by LR 
White (London Resin Company) with different ratios of ethanol (LR White/90% ethanol 1:1, 
2:1, 3:1 for 45 min each; pure LR White, overnight at 4 °C). Lastly, the brains and GNGs were 
placed in a gelatine capsule and filled with pure LR White embedding medium. The resin was 
polymerized at 50 °C for 24 h and the end products were stored at RT. Thin slices with a 
thickness of 70 nm were obtained by sectioning the capsule of the plastic-embedded preparation. 
The sections were observed under a JEOL JEM1011 TEM after staining with uranyl acetate 
and lead citrate. 
 
Results  
Orientation of the larval CNS and nomenclature   
The S. exigua larval brain is located dorsal to the esophagus, while the GNG is located ventral 
to the esophagus. A previous study used the body axis as the reference to describe the position 
of the brain and the GNG (Huser et al., 2012). Since the brain is positioned at an angle of almost 
180º to the GNG in lepidopteran larvae (Figure 1A), when the CNS is described as a whole, it 
is necessary to switch between axes at the border of the brain and GNG (Huser et al., 2012). Ito 
et al. (2014) proposed to use the neuroaxis to describe the insect nervous system. The neuroaxis 
(Figure 1B) describes the relative position along the axis of the ventral nerve cord, as obtained 
for the brain when it is flipped forward over 180º and thereby aligned with the GNG and ventral 
nerve cord (VNC), such as we achieved by our alignment at the beginning of the tissue fixation. 
Therefore, when describing the CNS as a whole, it is not needed to switch between axes 
anymore. As a result, the dorsal side of the brain along the body axis is the ventral side along 
the neuraxis. Most importantly, the neuroaxis complies with the single systematic nomenclature 
for the insect adult brain proposed by Ito et al. (2014). In our study, the naming of neuropils 
was adopted to this nomenclature. When naming was impossible due to the differences between 
the adult and larval brain, names were given based on a reconstruction of neuropils in fifth 
instar M. sexta larvae (Huetteroth et al., 2010).    
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Figure 1. Orientation of the Spodoptera exigua larval brain A) Orientation of axes. V = ventral; D = 
dorsal; P = posterior; A = anterior; GNG = gnathal ganglia. The * indicates the position of the esophagus. 
B) The neuraxis as proposed by Ito et al. (2014) is shown as a yellow arrow. The area left of the yellow 
arrow is ventral, the area right of the yellow arrow is dorsal. The n- prefix is used to indicate that the 
direction are along the neuraxis instead of the body axis (taken from Ito et al. (2014). 
3D reconstruction of neuropils in the brain  
To study S. exigua brain in more details, we labelled the serotonin in the larval brain. Neuropils 
are defined as a synaptically dense region that composed of mostly unmyelinated axons, 
dendrites and glial cell processes and with a relatively low number of cell bodies. Neuropils 
were visible in the serotonin labelling preparations, therefore, a 3D reconstruction of neuropils 
in the larval brain was made based on one representative serotonin preparation. Neuropils of 
five supercategories could be identified in the third instar S. exigua larval brain: the larval 
optical centre (LOC); the central complex (CC); the superior neuropils (SNP); the larval 
antennal centre (LAC) and the mushroom body (MB). The MB is further subdivided into four 
neuropils: the calyx (CA); the pedunculus (PED); the medial lobe (ML); and the vertical lobe 
(VL). The whole brain is covered by the cell body rind. More details on the position and 
morphology of S. exigua neuropils are shown in Figure 2.  
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Figure 2. Model of the Spodoptera exigua larval brain at the third instar. A) Ventral view, B) Dorsal 
view. Orientation is as indicated in the panel, A = anterior; L = lateral (L). Transparent grey colour 
indicates the outline of the brain and contain the cell body rind. Light blue indicates the area of superior 
neuropils (SNP). CA = calyx; LOC = larval optical centre; VL = ventral lobe; ML= medial lobe; PED 
= pedunculus; CB = central body; LAC = larval antennal centre. Scale bars represent 50 µm.    
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Serotonergic cell bodies in the brain  
Previous studies on the serotonergic nervous system of larval stages of insects mainly focused 
on Drosophila melanogaster (Huser et al., 2012; Schoofs et al., 2014). However, in our study, 
the locations of S. exigua 5HT-L-IR cells were found to differ too much from those in D. 
melanogaster to use the same nomenclature. Therefore, a nomenclature based on the location 
of the 5HT-L-IR cell bodies was used. On average, 18 5HT-L-IR cell bodies were identified 
per hemisphere in the third instar S. exigua larval brain. These cells were divided into eight 
clusters, each present in both hemispheres. The naming of each cluster was based on its location 
in the brain. For the nomenclature of cell clusters, the first letter represents dorsal (D) or ventral 
(V). When the cluster was positioned in the middle of the brain (between the dorsal and ventral 
side), the corresponding letter is left out. The second letter represents anterior (A) or posterior 
(P) and the last letter represents medial (M) or lateral (L). An overview of all 5HT-L-IR clusters 
is provided in Table 1. Identification of serotonergic cell clusters was based on four factors: the 
location of the cells in the brain, the relative position of cells with the cluster, the brightness of 
the immunolabelling and the shape and/or size of the cells. 
The number of 5HT-L-IR neurons in each cell cluster was also counted. The range of the 
number of cells in each cluster (over the different preparations), the average number of cells 
per cluster and the number of cells that was most often counted per cluster (mode) are shown 
in Table 1. Only cells that were identified at least in two preparations were used. Ventral cell 
clusters are shown on a ventral map of the brain (Figure 3). Dorsal cell clusters are shown on 
the dorsal map of the brain (Figure 4). Medial cell clusters are shown on both maps.  
The ventral anterior medial (VAM) cluster was on the ventral side of the brain, in a medial 
anterior position (Figure 3A). On average, the cluster contained 2.06 cells (± 0.24 (standard 
deviation, SD), n = 17). The cluster mostly consisted of two cells, which were in the same plane. 
The two cells in this cluster were named VAM medial and VAM lateral cell.  
The ventral lateral (VL) cluster was located on the ventral lateral side of the brain (Figure 3B). 
The VL cluster contained two cells in all 13 preparations in which they were identified. The 
two cells were located in an anterior and posterior direction. The two cells were named VL 
anterior and VL posterior cell.  
The ventral posterior medial (VPM) cluster was positioned medial to the LAC and flanking 
the esophagus (Figure 3C). On average, the cluster consisted of 1.50 cells (± 0.53, n = 10). The 
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cluster most often contained two cells, one VPM medial and one VPM lateral cell. The two 
cells were most often positioned at a medial/lateral position.  
The anterior lateral (AL) cell body was located in the anterior protocerebrum, lateral and 
dorsal to the VAM cluster (Figure 3D). The cluster contained only one cell in all counted 
preparations (n = 14). Some weakly immunoreactive cells were observed in the AL region, 
however, they were not consistently observed in all preparations We considered this to be due 
to autofluorescence or aspecific antibody binding and left such cells out from the analysis. 
The dorsal lateral (DL) cluster was flanking the lateral protocerebrum halfway along the 
anterior-posterior axis. In all counted samples, the cluster contained two cells (n = 14; Figure 
4A). These two cells were directly next to each other and labelled as DL medial and DL lateral 
cell.  
The dorsal anterior lateral (DAL) cluster was located anterior to the DL cluster, and ventral-
lateral to the LOC (Figure 4B). It contains on average 1.13 (± 0.34, n = 16) cells, where mostly 
only one cell was observed.  
The dorsal anterior medial (DAM) cluster was located along the anterior midline, dorsal to 
the VAM cluster (Figure 4C). On average, the cluster contained 6.21 cells (± 0.58, n=14). The 
cluster most often consisted of 6 cells, which were not in the same plane. The six cells were 
labelled as DAM dorsal anterior (DA), DAM dorsal posterior (DP), DAM medial anterior (MA), 
DAM medial posterior (MP), DAM ventral anterior (VA) and DAM dorsal lateral (DL) cell.   
The posterior lateral (PL) cluster was located anterior to the LAC (Figure 4D). On average, 
the cluster contained 1.87 cells (± 0.35, n=15). Mostly, two cells were identified in this cluster 
positioned horizontally to each other. The two cells were named PL medial and PL lateral cell  
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Figure 3. Serotonergic cell clusters in the S. exigua third instar brain. Ventral cell clusters and the AL 
cell are shown. A-D are projections from confocal images of the serotonergic cell clusters in the larval 
brain. A: VAM cluster (light yellow); B: VL cluster (purple); C: VPM cluster (light blue); D: AL cell 
(green). E shows the positions of the ventral cell clusters and the AL cell in the third instar S. exigua 
larval brain. Orientation is as indicated in the panel, A = anterior; L = lateral (L). VAM = ventral anterior 
medial cluster; VL = ventral lateral cluster; VPM = ventral posterior medial cluster; AL = anterior lateral; 
CA = calyx; SNP = superior neuropils; LAC = larval antennal centre. Scale bars represent 50 µm.  
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Figure 4: Dorsal cell clusters and the PL cell cluster. A-D are projections from confocal images of the 
serotonergic cell clusters in the larval brain. A: the DL cluster (dark green); B: the DAL cluster (yellow); 
C: the DAM cluster (red); D: the PL cluster (dark green). E shows the positions of dorsal cell clusters 
and PL cell cluster in S. exigua larval brain. Orientation is as indicated in the panel, A = anterior; L = 
lateral (L). DL = dorsal lateral cluster; DAL = dorsal anterior lateral cluster; VPM = ventral posterior 
medial cluster; PL = posterior lateral; CA = calyx; SNP = superior neuropils; LAC = larval antennal 
centre; A = anterior; L= lateral. Scale bars represent 50 µm.  
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Although the abovementioned cell clusters were identified in the larval brain, the characteristics 
used for their identification might need adaptation in future studies. The DAM, DAL and PL 
clusters were identified with the highest certainty, since they were identified in most of the 
preparations and since the identified cells showed the strongest signals during immunolabelling. 
Furthermore, the unique position of the 5HT-L-IR cells within DAM cluster, the strong 
labelling of DAL cells and the star-shape of the PL lateral cell make them easier to be identified. 
The AL, DL and VAM clusters were identified with less certainty. This is because cells and the 
strength of the signal after immunolabelling in these clusters was very similar to the surrounding 
background. The VL and VPM clusters were identified with the lowest certainty. Both clusters 
were located at the border of the brain close to the esophagus, which makes them to be damaged 
easily during dissection. Consequently, both clusters were not identified in all preparations. 
Moreover, the VPM cluster was located close to an area with a very strong serotonin innervation, 
which makes this cluster more difficult to be identified due to overexposure of the background. 
However, in the preparations where the VL and VPM clusters were identified, they were clearly 
visible.  
Table 1: Overview of cell clusters identified per hemisphere in the third instar S. exigua larval brain. 
The abbreviation and the full name of each cell cluster is listed. The average number of cells per cluster 
(Mean ± standard deviation), the number of cells that was most often counted per cluster (Mode), the 
range of the number of cells per cluster (Range) and the number of preparations counted are listed as 
well.  
Short 
name 
Full name  Mean ± SD  Mode  Range  Preparation 
counted   
VAM Ventral anterior medial 
cluster  
2.06 ± 0.24 2 2 to 3 17 
VL Ventral lateral cluster  2.00 ± 0.00 2 2 to 2 13 
VPM Ventral posterior medial 
cluster  
1.50 ± 0.53 2 1 to 2  10 
AL Anterior lateral 1.00 ± 0.00 1 1 to 1 14 
PL Posterior lateral  1.87 ± 0.35 2 1 to 2 15 
DAM Dorsal anterior medial 
cluster  
6.21 ± 0.58 6 5 to 7 14 
DAL Dorsal anterior lateral 
cluster  
1.13 ± 0.34 1 1 to 2  16 
DL Dorsal lateral cluster  2.00 ± 0.00 2 2 to 2  14 
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Virus detection in the larval brain by CLSM and EM 
To check whether the baculovirus AcMNPV infects the S. exigua larval brain and GNG, CLSM 
was used to visualize GFP-labelled nucleocapsids inside the brain and GNG. At 1 dpi, no GFP 
signal was first detected in the brains or GNGs from mock- and AcMNPV-infected larvae. The 
GFP signal started to appear at the lateral part of the brain at 2 dpi. The intensity of the GFP 
signal differed for independent samples, indicating that the exact course of the infection varies 
between individuals. At 2 dpi, the GFP signal was mainly detected in the surrounding tissues 
of the brain and GNG. At 3 dpi, the GFP signal was observed in all brain and GNG preparations 
and the signal was much brighter than that at 2 dpi. Intriguingly, GFP was not observed all over 
the brain and GNG, but only in specific cell bodies. However, at this stage it is difficult to 
pinpoint the exact cell body type and future research is needed to find this out (Figure 5). It is 
noteworthy that the initiation of the infection in the CNS was always symmetrical and that the 
infection seemed to be initiated from the lateral sides of the brain and GNG, where tracheae 
branched inside the brain and GNG tissues. 
 
 
Figure 5. Confocal laser scanning microscopy (CLSM) images of the mock- and AcMNPV-GFP-
infected larval brain (upper panel) and GNG (lower panel). The image was the middle CLSM optical 
section. Only images from mock-infected larvae at 3 dpi are presented. Samples from AcMNPV-GFP-
infected larvae were analysed at 1, 2, 3 dpi. Green colour was the GFP signal, Red colour was the 
propidium iodide stated nucleus.  
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Electron microscopy was used to confirm the presence of the virus in the brain and GNG at 3 
dpi. As shown in Figure 6, the virus was indeed present in the larval brain. Interestingly, viruses 
were only observed in a certain type of large cells surrounding neuropils (Figure 6A and 6B, 
indicated by arrows). Though we did not yet perform co-localization studies on AcMNPV-GFP 
and biogenic amine secreting neurons to investigate in detail where the virus localized, it seems 
that, based on the 3D model described above, AcMNPV infects cells in the LOC and LAC 
region specifically. OBs (polyhedrin protein), fibrillar structures (P10 protein) and virogenic 
stroma were detected in the nucleus of larval brain cells, indicating that AcMNPV replicates in 
the brain of infected host (Figure 6C and 6D). Likewise, AcMNPV infects and replicates in the 
S. exigua larvae GNG (data were not shown). 
 
Figure 6. Representative electron microscopy images of the brain from an AcMNPV-infected larva at 
3 dpi. A. Overview of a single hemisphere of an infected larval brain. The area within the dashed circle 
is the neuropil (N). Black arrowheads indicate cells that were infected by viruses (not all cells were 
scanned for virus infection). B. A close-up of the area indicated by the white arrow in Figure A. Black 
arrowheads indicate infected cells. C. The nucleus of an infected cell in the brain. OBs (polyhedra, P), 
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virogenic stroma (VS) and typical fibrillar structures (FS, formed by P10 protein) were observed. D. 
Detection of ODVs and nucleocapsids (NC) in the nucleus of an infected cell.  
Discussion  
Many parasites, including baculoviruses, manipulate their host’s behaviour to enhance their 
transmission or survival. Since behaviour is primarily regulated via the host’s CNS, parasites 
may affect host behaviour by affecting or invading the host’s CNS (Adamo, 2002; Ohkawara 
and Aonuma, 2016). In order to unravel the underlying mechanisms of AcMNPV-induced 
hyperactivity in S. exigua larvae, this study aimed to provide more insight into the S. exigua 
larval CNS. Identification of the structure and location of different S. exigua brain areas will 
enable further research into the role of the brain in AcMNPV-induced hyperactivity in S. exigua.  
First, we constructed a 3D model of a third instar S. exigua larval brain based on 
immunolabelling of serotonin. Five supercategories of neuropils were identified in the larval 
brain: LOC, MB, CC, SNP and LAC. In MB, four neuropils were identified, CA, PED, ML and 
VL. The third instar S. exigua larval brain shares a high similarity with the best and only studied 
lepidopteran brain so far, the M. sexta larval brain (fifth instar). Four of the five neuropil 
supercategories (LOC, MB, CC and LAC) and several neuropils (such as CA, PED, ML and 
VL) identified in the S. exigua brain were also identified in the M. sexta larval brain (El Jundi 
et al., 2009; Huetteroth et al., 2010). There were also differences between these two larval brains, 
which are likely due to the developmental stage assessed in this study. For example, the 
protocerebral bridge was only found in the larval M. sexta brain (El Jundi et al., 2009).  
Though the 3D model we constructed provides a trustworthy reference for the general shape, 
location and orientation of the neuropil, it does not represent the in vivo larval brain. The main 
reason is that the model was only based on a single larval brain. Additionally, in certain steps 
of the sample preparation (e.g. dehydration) artefacts might have been introduced. Therefore, 
additional samples need to be investigated to compose a complete model.  
Serotonin has been reported to play a role in parasitic manipulation. Therefore, we also 
investigated the serotonin distribution in the larval brain by immunolabelling. On average, 18 
serotonergic cell bodies were identified per hemisphere in the brain. Based on their location in 
the brain, the cells were divided into eight clusters: the VAM, VL, VPM, AL, PL, DAM, DAL 
and DL cluster. To our knowledge, no studies have been conducted on the serotonergic neurons 
in the brain and GNG of lepidopteran larvae. However, similar studies have been conducted in 
other insect larvae, such as larval fruit flies (D. melanogaster; (Huser et al., 2012; Lundell and 
Chapter 7  Baculovirus invasion of the lepidopteran central nervous system 
144 
 
Hirsh, 1994) and larval honey bees (Apis mellifera; (Boleli et al., 1995). In the larval brain of 
third instars (the final instar) of D. melanogaster, four cell clusters and 10-11 serotonergic cells 
were identified per brain hemisphere (Huser et al., 2012). In our study, more cell clusters and 
serotonergic cells were identified in the brain of S. exigua third instars (this insect has five larval 
stages). In addition, the relative location of most clusters was different in the S. exigua larval 
brain compared to the D. melanogaster larval brain, which makes it difficult to compare the 
function of these cell clusters purely based on their location. We did not include the projection 
and innervation of serotonin neurons in this study due to the variation among the preparations. 
However, future studies should also focus on this aspect since these will provide more 
information on the function of serotonin neurons and also on their potential role in baculovirus-
induced hyperactivity.   
Finally, we investigated whether AcMNPV infects and replicates in the larval CNS. We 
explored the localization and temporal invasion patterns of AcMNPV in the S. exigua larval 
brain and GNG. The results showed that AcMNPV not only infected the larval brain and GNG, 
but also replicated in cells within these tissues. At 2 dpi, viruses started to enter the larval CNS, 
seemingly via the tracheae. At 3 dpi, viruses were detected in all brain and GNG preparations. 
However, the virus was not detected all over the tissue, but seemed constrained to specific cells. 
Previously, BmNPV and Helicoverpa armigera (Hear)NPV have been detected in the CNS of 
infected B. mori (by qPCR) and H. armigera (by fluorescence microscopy) hosts, respectively 
(Herz et al., 2003; Katsuma et al., 2012; Torquato et al., 2006), however, in these studies, the 
exact localisation was not investigated. Baculovirus first infect the midgut and from there 
spreads to other tissues. The brain was infected later than tracheal cells, fat body and malpighian 
tubes (Passarelli, 2011; Rohrmann, 2013; Soares and Ribeiro, 2005), suggesting that brain was 
one of the tissues to be infected lastly. Intriguingly, our results obtained by CLSM and EM 
suggest localization of the virus in specific cells within the host brain, probably in neurons 
localized within the LOC and LAC areas. However, whether this has a link with virus-induced 
hyperactivity is unknown at this moment. Wang et al. (2015) compared the brain transcriptomes 
of BmNPV-infected larvae with that of a healthy control group. The results showed that 
transcripts involved in circadian rhythms, synaptic transmission and serotonin signalling 
pathways were significantly upregulated in the virus-infected group, indicating that the host 
CNS may play an important function in BmNPV-induced hypermobility. However, these 
changes might be caused by virus infection in general, and whether they play a specific role in 
inducing hyperactivity still needs further investigation.   
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This study is only the first step to explore the role of the host CNS in baculovirus induced 
hyperactivity. Future studies should focus on how virus infection affects biogenic amines 
expression and more precisely determine virus localization. Co-localization studies of 
AcMNPV and biogenic amines (such as serotonin, dopamine and octopamine) in the larval 
brain and GNG will provide information on whether AcMNPV interacts with biogenic amine 
secreting cells directly. Future research will also focus on how the virus enters the brain and 
which role the ptp gene has in this process. Katsuma et al. (2012) showed (using qPCR) that 
deletion of the ptp gene reduced BmNPV virus titers in the B. mori larval brain. Furthermore, 
the phosphatase activity of the encoded PTP protein may play a role in virus entry. While 
Kasuma et al. (2005) showed that the phosphatase activity of BmPTP was not needed for 
inducing hyperactivity in B. mori larvae, our previous work revealed that the phosphatase 
activity of AcPTP was needed for inducing hyperactivity in S. exigua larvea (van Houte et al., 
2012). Therefore, in AcMNPV infecting S. exigua, the phosphatase activity of AcPTP may be 
important for virus entry into the larval brain.  
Although the abovementioned aspects are certainly worth being investigated, a genome- or 
proteome-wide approach would give valuable additional information on host gene and/or 
proteins involved in this process. This could be achieved by comparing host transcriptomes 
and/or proteomes of WT and ∆ptp AcMNPV-infected larvae. Comparing transcripts level of 
key genes that are involved in biogenic amine synthesis between WT and ∆ptp AcMNPV-
infected larvae is of particular interest.  
In conclusion, based on immunolabelling of serotonin in the S. exigua brain, we constructed a 
3D model for the S. exigua brain. We also studied the distribution of serotonergic cell bodies 
in the larval brain: eight cell clusters and 18 serotonergic cell bodies were identified. Finally, 
we further showed that baculoviruses enter the larval CNS in a spatio-temporal manner and also 
replicate within the host CNS. The invasion into the CNS started from 2 dpi at the lateral side 
of the brain and at 3 dpi the virus was detected in the CNS of all investigated larvae. AcMNPV 
seemed to infect neurons in the LOC and LAC region of S. exigua larval brain. The results 
provide useful information for future studies on the mechanisms of baculovirus-induced 
behavioural manipulation.     
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Introduction  
During millions of years of co-evolution, baculoviruses have developed multiple strategies to 
benefit optimal from their caterpillar hosts (Herniou et al., 2001; Herniou et al., 2003). These 
strategies include, but are not limited to, behavioural manipulation (induction of hyperactivity 
and pre-death climbing behaviour) and host immune system modulation. However, how such 
host modulations are regulated by these viruses is largely unknown. The research described in 
this thesis aims to answer several key questions on the underlying mechanism of baculovirus 
induced modulation of host behaviour and the host immune system. As described in the general 
introduction, this thesis focuses on three main topics: i) the role of the baculovirus egt gene and 
the timing of light exposure in the induction of pre-death climbing behaviour (tree-top disease); 
ii) the role of the baculovirus ptp2 gene in modulation of the host immune system; and iii) the 
mechanism behind ptp-induced hyperactivity, including PTP substrate analysis and virus-
invasion of the host central nervous system (CNS).  
 
Mechanisms underlying baculovirus-induced tree-top disease  
The phenomenon that baculovirus-infected caterpillars die at elevated positions (tree-top 
disease) has first been described more than a century ago (Hofmann, 1891), however, only since 
the last decade researchers have attempted to unravel the underlying mechanisms. The viral 
ecdysteroid UDP-glucosyl transferase (egt) gene is the first and only viral gene that has been 
studied extensively in this process. The egt gene is present in almost all lepidopteran 
baculoviruses except in one clade of granuloviruses (Ros et al., 2015). The baculovirus 
Spodoptera exigua multiple nucleopolyhedrovirus (SeMNPV) induces a light-dependent 
climbing behaviour in third instar S. exigua larvae. An earlier study showed that when infected 
larvae were not exposed to light after infection, they died at low positions. However, when light 
was provided from above, infected larvae moved towards the light source and died at elevated 
positions (van Houte et al., 2014). It had been reported that the EGT enzyme has an effect on 
how long hosts survive after baculovirus infection (Flipsen et al., 1995; O'Reilly, 1995) and we 
hypothesized that EGT may exert its effect on tree-top disease by affecting the time to death of 
the host. In Chapter 3, we showed that the SeMNPV EGT enzyme facilitates pre-death climbing 
behaviour by extending the survival time of the host (measured as time to death). Larvae 
infected with a mutant virus lacking a functional egt gene died at lower positions and had a 
much shorter life span than larvae infected with the wildtype (WT) virus. Mutant virus-infected 
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larvae appeared to have died before the normal onset of the climbing behaviour in WT-infected 
larvae. This observation suggests that death at lower positions of the mutant virus-infected 
larvae is a side effect of the egt deletion. Moreover, the EGT enzyme inactivates the insect 
moulting hormone 20E, thereby inhibiting insect moulting (Flipsen et al., 1995; O'Reilly, 1995). 
Larval moulting is often accompanied by changes in behaviour, and therefore EGT might 
inhibit moulting related behaviour. When insect moulting and climbing behaviour occur at the 
same time and just before the insect dies, it may give the impression that EGT induces tree-top 
disease. Hoover et al. (2011) showed that deletion of the egt gene from Lymantria dispar 
MNPV (LdMNPV) blocked the induction of tree-top disease in L. dispar larvae (fourth instar) 
and concluded that the egt gene was required for triggering tree-top disease in L. dispar larvae. 
However, healthy L. dispar larvae fed in the tree canopy and moved downwards to moult. After 
infection, the moulting of WT LdMNPV-infected larvae might be inhibited (by EGT), as well 
as the moulting-related behaviour. Therefore, WT-infected larvae likely stayed at high positions 
and died there. On the contrary, the moulting of larvae infected with the mutant virus lacking 
the egt gene was not blocked and these larvae still moved downwards and died at lower 
positions. When moulting and climbing behaviour occur at different time points, EGT likely 
does not play a role. Ros et al. (2015) showed that deletion of the egt gene from Autographa 
californica (Ac)MNPV did not affect the position at which third instars of S. exigua and 
Trichoplusia ni died. Moulting (and moulting-related climbing) was indeed inhibited in these 
infected larvae, however, tree-top disease (climbing prior to death) occurred at a much later 
time point. Therefore, both larvae infected with the WT virus and with the mutant virus lacking 
the egt gene moved upwards and died at high positions, demonstrating that here egt did not 
affect tree-top disease. It appears that the effect of the egt gene on tree-top disease depends on 
many factors, including the developmental stage of the larvae, the host-virus combination, and 
even the time between the last moult and infection. It can be concluded from the three above 
mentioned examples that the egt gene does not have a conserved role in baculovirus-induced 
tree-top disease. Baculoviruses, apparently have evolved different mechanisms to induce tree-
top disease in different hosts. 
Another important factor in baculovirus-induced tree-top disease (at least for SeMNPV) is light. 
A previous study showed that the location of the light source (above or below the insects) is 
very important in inducing tree-top disease (van Houte et al., 2014). The results in Chapter 4 
showed that the timing of light is also trivial in this process: larvae infected with WT SeMNPV 
climbed to elevated position between 57 and 67 hours post infection (hpi), however, exposure 
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of infected larvae to light (from above) between 43 to 50 hpi was of vital importance to trigger 
this behaviour. If infected larvae were not exposed to light during this period, or only exposed 
to light from below, they died at low positions. Whether this phenomenon is conserved among 
baculoviruses or in a sub-clade of baculoviruses is currently unknown. It seems that light is not 
needed for LdMNPV-induced tree-top disease in L. dispar: infected larvae still died at high 
positions even when they were kept in completely dark conditions throughout the experiment 
(Kelly Hoover, personal communication). Our preliminary data showed that in AcMNPV-
infected T. ni larvae, light was not needed to induce tree-top disease, but light was needed in 
AcMNPV-infected S. exigua larvae to induce pre-death climbing behaviour. In the experiments 
performed with SeMNPV in the current thesis, light exposure was not needed during the period 
when the actual climbing took place. Infected larvae ‘remembered’ where the light came from 
and still moved to the original light source, even when in the dark. In nature, S. exigua larvae 
stay mostly at lower parts of plant foliage during day time (also when exposed to light from 
above) and climb up to feed during the night (Smits et al., 1987; Stapel et al., 1998). SeMNPV 
might make use of this already existing pattern in S. exigua larvae to induce tree-top disease. It 
is noticeable that light also plays a role in Bombyx mori nucleopolyhedrovirus (BmNPV)-
induced hyperactivity in the silkworm B. mori: the presence of light enhanced virus-induced 
hyperactivity. However, in this case light did not induce positive phototaxis in infected 
silkworms, since both virus- and mock-infected larvae showed similar levels of phototaxis 
(Kamita et al., 2005). 
Though we observed that the viral egt gene and the timing of light played important roles in 
SeMNPV-induced tree-top disease, the question remains whether host pathway(s) are hijacked 
by SeMNPV to induce this behavioural change. Studies on how other parasites- induce 
phototaxis or geotaxis-related behaviour show a strong link with changes in the host CNS. For 
example, positive phototaxis is also observed in amphipods (Gammarus insensibilis) infected 
with trematodes (Microphallus papillorobustus). The expression of aromatic-L-amino acid 
decarboxylase, which is an enzyme involved in serotonin synthesis, was found to be 
significantly higher in infected G. insensibilis than in non-infected amphipods. Crickets 
infected with Gordian worms also present strong phototaxis behaviour compared to healthy 
crickets (Ponton et al., 2011). In manipulated crickets, the levels of proteins involved in CNS 
development, neurogenesis, circadian rhythm and neurotransmitter production were 
significantly higher than in healthy crickets (Biron et al., 2006).  
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To identify which host molecules (in the CNS) are involved in SeMNPV-induced tree-top 
disease/phototaxis, we performed a transcriptomic study and compared the transcriptome of 
phototactic and non-phototactic larvae. Since light between 43-50 hpi was needed to induce 
positive phototaxis in SeMNPV-infected S. exigua larvae, samples were taken at different time 
points to include samples of infected larvae with and without phototactic behaviour. Larvae 
exposed to six different treatments were processed and included in an RNA-seq study. As 
shown in Figure 1, larvae of samples 1, 3, and 5 were kept under the normal 14 h light: 10 h 
dark photoperiod regime until 28, 46, and 54 hpi, respectively (samples 1, 3, 5, Figure 1); larvae 
of samples 2, 4, and 6 were kept under the normal 14 L: 10 D regime until 9, 35, and 35 hpi, 
respectively, after which they were kept in complete darkness (0 L: 24 D) until 28, 46, and 54 
hpi, respectively (sample 2, 4, 6, Figure 1). Since mock-infected larvae developed faster than 
virus-infected larvae, samples were collected earlier, at 28 hpi, to ensure that the larvae used in 
the analysis were in the same physiological stage (late second instar). After these incubation 
periods, heads from infected larvae were collected for RNA extraction. The experiments were 
performed in three different weeks to obtain three biological replicates. Extracted RNA samples 
were sequenced by Illumina Hiseq 2500 and de novo assembly was performed to construct a 
reference genome. However, during downstream principal component analysis (PCA), which 
is used to check similarity and reproducibility among biological replicates, the results showed 
significant variation among biological replicates. Though we still performed a differential gene 
expression (DGE) analysis, no transcripts were found to be significantly different between 
phototactic and non-phototatic larvae. Future studies should use biological replicates collected 
at the same time point to avoid batch effects or an alternative analysis should be used to correct 
for the batch effect.  
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Figure 1. Scheme of the experimental set-up for RNA-seq sample preparation. Spodoptera exigua larvae 
were infected with wild type SeMNPV. The grey block represents a dark interval and the white block 
represents a light interval. 
The role of the baculovirus ptp2 gene in modulation of the host immune system 
Besides inducing behavioural manipulation, many viruses have developed alternative ways to 
enhance their transmission: host immune system modulation is one of these strategies (Anasir 
et al., 2017; Clem and Passarelli, 2013; Suderman et al., 2008). Apoptosis, or programmed cell 
death, normally is part of the insect immune response upon virus infection to suppress virus 
replication. However, many viruses have developed the ability to suppress host-induced 
apoptosis, by expressing anti-apoptotic genes (Clem and Passarelli, 2013; Perez-Chacon et al., 
2014). On the other hand, some viruses have evolved to actively induce apoptosis to use the 
resulting apoptotic bodies as a mean of transport to enter other cells or to down regulate cellular 
immune responses by inducing apoptosis in specific cell types (Chitnis et al., 2011; Schultz-
Cherry et al., 2001; Suderman et al., 2008). For example, the protein tyrosine phsphatase-H2 
(ptp-h2) from the polydnavirus Microplitis demolitor bracovirus (MdBV) is responsible for 
induction of apoptosis in immune cells of Spodoptera frugiperda caterpillars, which contributes 
to host immunosuppression (Suderman et al., 2008). The iridovirus serine/threonine kinase 
(ISTK) from Chilo iridescent virus (CIV) induced apoptosis in cell lines derived from the spruce 
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budworm Choristoneura fumiferana and the boll weevil Anthonomus grandis (Chitnis et al., 
2011). In Chapter 4, the function of the baculovirus SeMNPV ptp2 gene (a homologue of the 
MdBV ptp-h2 gene) was investigated. The results showed that SeMNPV PTP2 induced mild 
apoptosis in Sf21 cells upon transient expression. The phosphatase activity of PTP2 was needed 
for this process. Moreover, deletion of the ptp2 gene from the SeMNPV genome prevented the 
induction of apoptosis in S. exigua hemocytes. Though deletion of the ptp2 gene did not affect 
virus titer and virulence indices (such as viral infectivity and infected host time to death), the 
occlusion body (OB) yield was significantly lower in S. exigua larvae infected by the mutant 
virus lacking the ptp2 gene than the yield in larvae infected by the WT virus. Therefore, we 
hypothesize that ptp2-induced apoptosis in hemocytes leads to suppression of the host immune 
system and eventually contributes to higher OB yields. The pro-apoptotic effect of SeMNPV 
PTP2 seems to be restricted to certain cell types and might be tissue specific. This is because 
expression of PTP2 did not induce apoptosis in other cell lines upon transient expression, 
including T. ni High Five cells, Drosophila melanogaster S2 cells, and S. exigua Se301 cells. 
Whether SePTP2 induces apoptosis only in S. exigua larvae hemocytes, but not in other 
tissues/cell types needs further investigation. There is no explanation for why a viral gene 
induces apoptosis in one cell type, but not in another cell type. One possible reason is that 
certain regulatory pathways that are needed to trigger apoptosis are only active in specific cells. 
The situation becomes even more complex if one realizes that baculovirus genomes may 
contain both pro-apoptotic genes as well as anti-apoptotic genes (p35 or inhibitor of apoptosis 
(iap) genes).  
Besides functioning as a typical PTP, SePTP2 possesses a C-terminal consensus sequence 
which is characteristic for mitogen-activated protein kinase (MAPK) phosphatases. MAPK 
phosphatases remove the phospho-residue from MAPKs. There are three major MAPKs active 
in various pathways: extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase 
(JNK) and p38 (Abdelwahid et al., 2007; Kim et al., 2008). All three MAPKs have been 
reported to be involved in inducing apoptosis (Abdelwahid et al., 2007; Kim et al., 2008). 
Moreover, the ERK- and JNK- dependent pathways contribute to higher BV and OB yields in 
BmNPV-infected larvae (Katsuma et al., 2007). Therefore, SePTP2 may contribute to higher 
OB yields in S. exigua larvae by functioning as a MAPK phosphatase that affects host MAPK 
pathways. To test our hypothesis, a similar proteomic approach as described in Chapter 6 was 
used to identify host proteins that interact with SePTP2. The SeMNPV ptp2 gene was first 
cloned fused to gfp into a ∆ptp AcMNPV backbone to generate a recombinant virus. A co-
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immunoprecipitation assay using anti-GFP antibodies was performed to pull down GFP-tagged 
PTP2 proteins from virus-infected S. exigua larvae. Proteins that co-purified with PTP2 were 
identified with LC-MS/MS analysis. However, no host proteins with significantly higher levels 
in the PTP2-GFP sample group compared to the control group (which only expressed GFP) 
were found. This might be because SePTP2 was cloned into an AcMNPV background instead 
of its natural genetic background SeMNPV. Though SePTP2 was produced (data were not 
shown), it maybe not be able to execute its function. Future experiments should be repeated by 
expressing PTP2 in an SeMNPV background.  
 
Figure 2: Mass spectrometric proteomic analysis of purified PTP2-GFP proteins. PTP2-GFP proteins 
were prepared from AcMNPV infected larvae and precipitated by GFP antiserum. The precipitation 
experiments were conducted three times from the same starting material and precipitated proteins were 
analysed with LC-MS/MS analysis using MaxQuant software. The statistical analysis was performed 
with the Perseus module. The Y-axis shows the relative abundance (peak height) as log (10) values, and 
X-axis shows the log (10) of the abundance ratio of proteins precipitated in the PTP2-GFP group over 
proteins precipitated in the GFP control group. Proteins that were significantly enriched in the PTP2-
GFP sample over the GFP control are shown in orange (P < 0.01). Except for PTP2, no proteins were 
significantly enriched in the PTP2-GFP sample. Proteins that are not significantly enriched are shown 
in blue. Contaminants such as keratins and trypsin are shown in grey. 
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Homologues of the SeMNPV ptp2 gene are present in all subclades of baculoviruses, including 
the Group I NPV, Group II NPV and GVs (van Houte et al., 2012), but ptp2 is not present in 
all baculovirus genomes, and AcMNPV is an example of a virus that lacks ptp2 (Ayres et al., 
1994). Whether the ptp2 gene in other baculoviruses has a conserved role in inducing apoptosis 
needs further investigation. Besides a virus encoded enzyme, the PTP2 is a structural protein of 
Chrysodeixis chalcites NPV BV (Xu et al., 2011). Mamestra brassicae infected with M. 
brassicae MNPV dispersed over larger areas than uninfected individuals (Goulson, 1997; 
Vasconcelos, 1996). However, MbMNPV (although a Group I NPV) does not contain a ptp 
gene, such as AcMNPV and BmNPV (see below). In contrast, MbNPV has a ptp2 homologue 
in its genome, but the possible function of ptp2 in behavioural manipulation remains to be 
determined. In conclusion, PTP2 may have more functions than we currently know, as was also 
found for baculovirus-encoded PTP (Chapter 6).  
 
Further insights into baculovirus ptp-induced hyperactivity  
The second type of behavioural manipulation induced by baculoviruses is hyperactivity. 
Infected hosts wander over larger areas, which is thought to spread virus progeny over a further 
distance (Goulson, 1997; Kamita et al., 2005). Kamita et al. (2005) first identified that the ptp 
gene from BmNPV is involved in triggering hyperactivity in B. mori larvae. Previous research 
in the laboratory also identified that the ptp gene from AcMNPV is involved in inducing 
hypermobility in S. exigua larvae (van Houte et al., 2012). However, the exact mechanism 
exerted by the ptp gene seems to be different between these two systems. In BmNPV-infected 
B. mori larvae, the phosphatase activity of encoded PTP is not needed for behavioural 
manipulation (Kamita et al., 2005). On the contrary, in AcMNPV-infected S. exigua larvae, the 
phosphatase activity was required to trigger hyperactivity, because mutation of the catalytic site 
of AcPTP blocked induction of hyperactivity (van Houte et al., 2012).  
The involvement of AcPTP phosphatase activity in inducing hyperactivity suggests that host or 
viral proteins serve as substrate(s) for the AcMNPV PTP enzyme and that dephosphorylation 
of the substrate(s) eventually leads to altered host behaviour. In Chapter 6, we used a proteomic 
approach to identify viral and host proteins that interact with AcPTP. The results showed that 
AcPTP may have more functions than we currently know: AcPTP potentially is involved in 
nucleocapsid assembly, nucleocapsid transport, ODV envelopment and virus dissemination. 
There is no doubt that phosphorylation and dephosphorylation play important roles during 
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baculovirus infection (Cheley et al., 1992; Funk and Consigli, 1993). Therefore, it is reasonable 
that AcPTP have multiples roles in the baculovirus replication cycle.  
Since locomotion behaviour is primarily controlled by the CNS (Strauss, 2002), induction of 
hyperactivity is likely to have its basis in the CNS. Whether AcPTP affects the host CNS was 
not studied in this thesis. In BmNPV-infected B. mori, BmPTP appears to have a role as a 
structural protein, that allows higher virus titer in the brain. This conclusion was drawn mainly 
because Western blot results showed that BmPTP was primarily localized in the BV envelope 
(Katsuma et al., 2012). Moreover, BmPTP showed strong interaction with the viral 
phosphoprotein 78/83 (PP78/83) in a yeast-2-hybrid assay. PP78/83 encodes a WASP-like 
protein that localizes at one end of the nucleocapsid structure. The C-terminal end of PP78/83 
showed a strong interaction with BmPTP. Moreover, deletion of the ptp gene from the BmNPV 
genome affected BV production in many tissues including the larval brain. Reduced BV titers 
in the larval brain might be the reason why hyperactivity was blocked in ∆ptp BmNPV-infected 
B. mori larvae. Previous research has reported that AcPTP is associated with both BVs and 
ODVs (Li and Miller, 1995). In our study, AcPTP did not co-purify with PP78/83 directly, 
however, the co-purified proteins BV/ODV-C42 and VP1054 have been reported to interact 
with PP78/83 (Li et al., 2010), suggesting that AcPTP also functions as a structural protein. Our 
previous study showed that deletion of the ptp gene did not affect AcMNPV virulence indices, 
including the viral infectivity and infected host time to death (van Houte et al., 2012), however, 
the effect on virus titer in different tissues might have been overlooked. A future study is needed 
to find out whether deletion of the ptp gene affects the AcMNPV virus titer in the S. exigua 
larval brain, which might lead to a reduction in hyperactivity. One host protein that co-purified 
with AcPTP was lamin C. Lamins have been reported to play an important function in 
remodeling the nuclear architecture (Schulze et al., 2009; Young et al., 2012), which may help 
to facilitate egress of nucleocapsids from the nucleus. Lamins play crucial roles in brain 
development and defects in lamins cause an array of (mental) disorders in humans and rats 
(Schulze et al., 2009; Young et al., 2012) Lamins in the insect brain may have similar functions. 
The interaction of AcPTP with lamins may therefore also allow the virus to invade the larval 
brain..  
It is hypothesized that AcMNPV induces behavioural changes via affecting the S. exigua CNS, 
however, little is known on the morphology and function of different parts of the larval brain. 
Therefore, in Chapter 7 a 3D model of the S. exigua larval brain was constructed based on 
immunolabelling of serotonin. The model describes the brain morphology and the position of 
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identified neuropil supercategories in the brain. The distribution of serotonergic neurons in the 
larval brain was also analysed, including the location and the number of serotonergic neuron 
cells in each serotonergic neuron cell cluster. Confocal and electron microscopy analysis 
confirmed that AcMNPV is present and replicates in the larval brain: AcMNPV started to infect 
the host brain at 2 days post infection (dpi) and the brains of most caterpillars were infected at 
3 dpi. Moreover, it seems that the viruses only invade specific regions of the CNS. Chapter 7 is 
only the start of revealing how baculovirus infection in the brain may lead to behavioural 
manipulation. More research is definitely needed to find out i) whether AcMNPV infects (or 
affects) biogenic amines-secreting cells in the CNS; ii) whether the ptp gene and the 
phosphatase activity of the encoded protein controlls virus entry into the brain; iii) which 
(molecular) pathways are involved in the brain to induce hyperactivity.   
 
Where do we stand now? 
Host manipulation by baculoviruses is the outcome of a highly complex interaction between 
the virus and the host and depends on a series of events in a spatial and temporal order. 
Knowledge gained from this thesis is not enough to understand the whole process of 
(behavioural) manipulation but provides fundamental insight into the underlying mechanisms.  
Two baculovirus genes (the ptp gene and the egt gene) have been studied extensively for their 
role in host behavioural manipulation. It is clear that there is no general mechanism that 
baculoviruses use to induce behavioural manipulation. EGT does not have a conserved role in 
inducing tree-top disease: it is needed in SeMNPV- and LdMNPV-induced tree-top disease, but 
not involved in AcMNPV-induced tree-top disease. The importance of environmental 
conditions in behavioural manipulation might be overlooked in many cases. In SeMNPV-
induced tree-top disease, the direction and the timing of light both play vital important roles. 
Therefore, small alterations in environment conditions might change the outcome of 
behavioural manipulation completely.  
Even though the role of ptp is conserved in AcMNPV- and BmNPV-induced hyperactivity, 
differences seem to exist in the downstream pathways. Proteomic analysis of PTP substrates 
revealed that PTP may have more functions that we currently know. The involvement of a viral 
gene in behavioural manipulation does not necessarily mean that the alteration is directly 
induced by this gene. Besides the behavioural manipulation of the egt gene, the ptp2 gene from 
SeMNPV is involved in inducing apoptosis to manipulate the host immune system. Both types 
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of manipulation are regarded as actions taken by the virus to enhance transmission to new host: 
either by spreading virus progeny over larger areas or by producing more progeny OBs. 
Host molecules that are involved in baculovirus-induced behavioural manipulation are still 
largely unknown. Comparing the transcriptomes or proteomes of manipulated and 
unmanipulated hosts will provide more insight into this process. Currently, only few 
lepidopteran genomes have been sequenced. Therefore, sequencing more host genomes 
(including S. exigua) is highly desired. Baculoviruses most likely induce behavioural 
manipulation by invading and subsequently affecting the host CNS. We have described the 
brain morphology and serotonergic neuron distribution in the larval brain. We also 
demonstrated the presence of AcMNPV in the larval brain. The knowledge obtained in this 
thesis on baculovirus-induced behavioural manipulation provides useful information to start 
more in-depth studies in this field.
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Summary 
An infection by parasites affects many aspects of the invaded hosts, such as morphology, 
physiology, development and behaviour. While some of these changes are adaptive for the host, 
some of these changes appear to be adaptive to the parasites. Host behavioural manipulation 
has been reported for many parasite-host combinations. An intriguing example and the main 
topic of study in this thesis, is host behavioural manipulation by baculoviruses, in which host 
insects serve as a tool to enhance the transmission rate, and hence fitness, of these viruses.  
Chapter 2 of this thesis reviews the documented changes of insect behaviour upon virus 
infection and summarizes the limited knowledge available so far about the underlying 
mechanisms. Special attention is given to baculovirus-induced behavioural changes in 
caterpillars. Extensive information on baculovirus genomics is available and the role of several 
viral genes in this process has been studied. The ecological and evolutionary consequences of 
virus-induced insect behavioural changes are also discussed.  
Baculoviruses induce pre-death climbing behaviour in their lepidopteran hosts. The 
phenomenon is also known as “tree-top disease” or “Wipfelkrankheit”. Death at elevated 
positions is thought to disperse progeny virus over larger areas of plant foliage. Hoover et al. 
(Science, 2011) found that the egt gene from the baculovirus Lymantria dispar multiple 
nucleopolyhedrovirus (LdMNPV) was involved in inducing tree-top disease in L. dispar larvae. 
Our previous work revealed that Spodoptera exigua (Se)MNPV induced tree-top disease in S. 
exigua larvae, which is light-dependent. Chapter 3 aimed to determine whether the egt gene 
from SeMNPV is also involved in SeMNPV-induced tree-top disease. The results in Chapter 3 
showed that S. exigua larvae infected with SeMNPV lacking the egt gene died at low positions. 
The EGT enzyme is known to inactivate the insect moulting hormone and often has an impact 
on the time to death of the infected host. Spodoptera exigua larvae infected with a mutant virus 
lacking the egt gene died earlier than larvae infected with wild type (WT) virus. Our data show 
that larvae infected with the mutant virus died before the onset of the climbing behaviour seen 
in wild-type infected larvae. Therefore, we concluded that SeMNPV EGT enzyme facilitates 
tree-top disease in infected S. exigua larvae by extending the survival time of its host.   
Besides viral and host genes, environmental conditions may also affect the outcomes of 
behavioural manipulation. Light has been reported before to play an important function in 
SeMNPV-induced tree-top disease in S. exigua. In Chapter 4, the importance of the time point 
at which light is provided (relative to the moment of infection) in the induction of tree-top 
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disease was investigated. The results showed that light from above was needed between 43 and 
50 hours post infection (hpi) to induce tree-top disease. This time interval is prior to the actual 
climbing, which occurred in the dark between 57 and 67 hpi. When infected larvae were not 
exposed to light between 43 and 50 hpi, they eventually died at low positions.  
The second type of behavioural manipulation induced by baculoviruses in their hosts is 
enhanced locomotion behaviour (or hyperactivity). The induced hyperactivity contributes to 
virus spread over a larger area. Previous work demonstrated the involvement of the ptp gene 
from Autographa californica (Ac)MNPV in triggering hyperactivity in S. exigua larvae. The 
phosphatase activity of the encoded PTP protein was also needed for this process, since 
mutating the catalytic site of PTP blocked the induction of hyperactivity in infected hosts. 
SeMNPV also carries a protein tyrosine phosphatase, called ptp2, which is phylogenetically 
unrelated to ptp. Ptp2 is more similar to the protein tyrosine phosphatase gene (ptph2) from 
Microplitis demolitor bracovirus, that induced apoptosis in host immune cells. The idea is that 
this induction of apoptosis reduces the number of immune cells and that as a consequence the 
virus can evade from immune responses, leading to increased virus propagation. In Chapter 5, 
we investigated whether the SeMNPV PTP2 protein also has a pro-apoptotic effect on cultured 
insect cells and on S. exigua immune cells. The results showed that PTP2 induced mild 
apoptosis in cultured insect cells (Sf21 cells) and that the catalytic site of PTP2 was needed for 
this process. Moreover, the SeMNPV ptp2 gene was also involved in inducing apoptosis in host 
hemocytes. Larvae infected with WT virus produced more viral occlusion bodies (OBs) than 
larvae infected with an SeMNPV mutant lacking the ptp2 gene. We hypothesized that SeMNPV 
suppresses the host immune system by inducing apoptosis in hemocytes and that this immune 
suppression finally leads to higher OB yields.  
Parasites may achieve behavioural manipulation by invading or affecting the host central 
nervous system (CNS), for instance by affecting biogenic amine levels in the host brain and we 
wondered whether that was also the case for baculoviruses. However, little information was 
available on the morphology and function of the CNS of S. exigua larvae, and of caterpillars in 
general. In Chapter 6, we first constructed a 3D model of the S. exigua larval brain and described 
different brain areas, by immunolabelling serotonergic cells in the larval brain and gnathal 
ganglion (GNG, or subesophageal ganglion,SEG). Furthermore, we described the distribution 
of serotonergic neuron cells in the brain and GNG. Individual cell clusters were mapped and 
the number of serotonergic cells in each cluster in the brain and the GNG were estimated. As a 
next step, we studied virus localization and temporal invasion patterns in the larval brain and 
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GNG, using green fluorescent protein-labelled AcMNPV virus particles (GFP-AcMNPV). The 
results showed that AcMNPV started to invade the host CNS from the second day post infection 
(dpi) at the lateral sides, and further spread to specific cells throughout the brain at three dpi 
(when hyperactivity is observed). Electron microscopy results confirmed that AcMNPV 
replicates in the brain and GNG. The data in this chapter provided more information on the 
larval CNS and has pointed out several interesting directions for future research.   
On the molecular level, AcMNPV PTP (AcPTP) must interact with a host or viral protein that 
leads to the induction of hyperactivity. To identify host and viral proteins that interact with 
AcPTP, a PTP substrate analysis was performed using a mass spectrometry approach. The 
results in Chapter 7 describe host and viral proteins that co-purified with AcPTP. The results 
indicate that AcPTP is potentially involved in many different steps of the virus replication cycle, 
including nucleocapsid assembly, nucleocapsid transport, ODV envelopment and/or virus 
dissemination. The results suggest that AcPTP functions both as a structural protein and as a 
phosphatase enzyme. Some of the interactions potentially have an important role in cellular 
signalling pathways and potentially in brain invasion.  
Chapter 8 discusses the main findings of this thesis and gives implications regarding to future 
research on baculovirus-induced behavioural manipulation. Overall, the results of this thesis 
showed that the viral egt gene and the timing of light both play an important role in baculovirus-
induced tree-top disease. Moreover, the ptp2 gene plays a significant function in host immune 
system modulation. We studied the morphology of the S. exigua larval brain and the 
serotonergic neuron distribution in the host CNS and explored how baculoviruses invade the 
host CNS. Lastly, potential interaction partners of the PTP protein, involved in the induction of 
hyperactivity, were described. This work contributes to the fundamental knowledge on 
molecular mechanisms of parasitic manipulation of host behaviour.  
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PE&RC Training and Education Statement  
 
With the training and education activities listed below the PhD 
candidate has complied with the requirements set by the C.T. de Wit 
Graduate School for Production Ecology and Resource Conservation 
(PE&RC) which comprises of a minimum total of 32 ECTS (= 22 
weeks of activities)  
 
Review of literature (6 ECTS) 
- Virus-induced behavioural changes in insects (2015) 
 
Writing of project proposal (4.5 ECTS) 
- Deciphering the mechanisms underlying baculovirus-induced behavioral changes in insects: 
using proteomics and transcriptomics as tools 
 
Post-graduate courses (6.2 ECTS) 
- The power of RNA-seq; Wageningen University (2013) 
- Introduction to R for statistical analysis; Wageningen University (2014)   
- 5th International advanced course: proteomics; Wageningen University (2015) 
- Bioinformatics: a user’s approach; Wageningen University (2015) 
- Survival analysis; Wageningen University (2016) 
- Genome-free RNA-seq assembly and transcriptome analysis leveraging trinity; Physilia 
courses, Berlin (2017) 
 
Laboratory training and working visits (1.5 ECTS) 
- RNA-seq data analysis; Institut de Recherche sur la Biologie de Insecte (IRBI), Tours, France 
(2016) 
 
Invited review of (unpublished) journal manuscript (2 ECTS) 
- Biotechnology Progress: baculovirus expression system (2016) 
- Plos Biology: behavioural manipulation (2017) 
 
Deficiency, refresh, brush-up courses (1.5 ECTS) 
- Basic statistics; Wageningen University 
 
Competence strengthening / skills courses (5.9 ECTS) 
- Competence assessment; Wageningen University (2013) 
- Scientific writing; Wageningen University (2014) 
- Entrepreneurship in and outside of science; Wageningen University (2014) 
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- Scientific publishing; Wageningen University (2015) 
- Pitch perfect; Wageningen University (2016) 
- Career orientation; Wageningen University (2017) 
 
PE&RC Annual meetings, seminars and the PE&RC weekend (3.3 ECTS) 
- PE&RC weekend, first year (2013) 
- PE&RC Day (2013, 2015, 2017) 
- PE&RC weekend, mid term (2015) 
- PE&RC weekend, last year (2017) 
 
Discussion groups / local seminars / other scientific meetings (8.5 ECTS) 
- Wageningen Evolution and Ecology Seminars; organization committee 2014-2017 (2013-
2017) 
- 2nd Wageningen PhD symposium (2015) 
- Insect-plant interactions lunch meeting; Laboratory of Entomology (2016-2017) 
 
International symposia, workshops and conferences (21.8 ECTS) 
- Seventh international symposium on Molecular Insect Science (2013) 
- Annual meeting of the Society for Invertebrate Pathology (2013-2017) 
- Annual Dutch entomology day (2013-2017) 
- Dutch annual virology symposium (2014, 2015, 2017) 
- Revolutionizing next-generation sequencing: tools and technologies (2015) 
 
Lecturing / Supervision of practicals / tutorials (6.9 ECTS) 
- Molecular virology (2014-2015) 
- Immunotechology (2014-2017) 
- Molecular aspects of biointeractions (2015) 
 
Supervision of MSc students  
- Baculovirus induces behavioural changes via invading the host central nervous system - 
Yijing Wang 
- Exploring the role of SeMNPV ptp2 in apoptosis, and substrates analysis of SePTP2 - Ioana 
Nicorescu 
- Characterizing long transcripts and miRNA from the SeMNPV egt region- Pjotr Middendorf 
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